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I. GSUMMARY

This project has dealt with the development and testing of an experimental
laboratory model for the microbial degradation of oil in aquatic ecosystems.
The type of oll used in these studies was a light diesel oil with a bolling
range of 230-300® C and a composition consisting of 25% normal paraffins, 50%
eyclice paraffing and 20% aromatics. The model, which is a continuous culture
system, allowed us to obgerve the fate of a mini~oll spill under qulescent
conditions in a laboratory situation which closely mimics the environmental
conditions of lake Ontario. We have demonstrated the existence of a complex
and very sensitive degradation process which is carried out by a diverse popu-
lation of bacteria. The bacterial attack follows a consistent pattern of slow
emulsification, dispersion , and chemical alteration of the oil., The complexity
of the process, established herein, exemplifies the impracticability of using
"seeding" procedures with commercial oil-eating bacterizl preparations to deal
with oil spills, We have verified that the disappearance of oil from the sur-
face of a body of water does not by any means coincide wlth its compléte degra-
dation.

The oil degradation process in our system was readily altered by the
presence of sgimple organie pollutants and not necessarily enchanced by the
addition of detergents. We also have evidence to indicate that partially de-
graded oil may be toxic to aquatic organisms.

Qur work further illustrates the preeminent lmportance of knowing not
only how bacteria remove oil from sight but of how they affect the fate of

the oil once it becomes dispersed in the water column.



ITI, BRIEF SYNOPSIS

The primary goal of our project has been to determine the environmental
factors which affect and control the degradation of diesel oil by bacteria
in freshwater ecosystems. Since bacteria are the ultimate disposers of oil
in aquatic environments, we feel very strongly that a thorough knowledge of
thelr degradation capabilities and the conditicns which optimize their degra-
dation process is essential to the creation and administration of oil pollution
abatement programs by officials at all levels of public service,

Our use of continucus culture techniques has been an attempt to loock at
these o0il degradation processes in a laboratory situation which mimics the
conditions of a natural squatic environment. OQOur system is analogous to the
degradation of an oil slick under the gquiescent conditions of a bay or en-
closed harbor. We have designed =& speclal culture vessel in which the oil
floats on the surface of a water colum and fresh, nutrient supplemented
Leke Ontario water is passed continuously underneath the oil layer. The
attack and subsequent removal of the oil by bacteria was studied by observing
physical and chemical changes in the oil and by monitoring the composition
and degradation potential of the bacterial populations.

Several major canclusions can be drawn from our experiments.

a) The oil degradation process is a very sensitive one which can be
eagily upset by certaln environmental conditions. For example, it appears
that a particular bacterial population is necessary for the initial attach-
ment to and penetration of the oil layer before any significant degradation

or dispergsion of the oil can take place. The guccess of this initial step
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uppears to be u function of the inoculum and certain environmental conditions.

b) Deprudntion of the oll in our continuous culture system was very
slow bul Lhe pntterns of depradation aprecd very closely with studies done
by other investigators who have sampled oil directly from aguatic environments,
A congistent observation in our studies was tle relatively rapid physical
dispersion of oil into the water column (that is, its visual disappearance)
contrasted with the relatively small amount of actual decomposition which had
taken place.

¢) We have estimated that it would take approximately 50-60 days to
completely remove, by bacterial degradation, a 2 mm thick layer of oil from
the surface of a body of water under nonturbulent conditions. This would be
roughly equivalent to the removal of two gallons of oil spread over a tenth
of an acre of water surface. Under more turbulent conditions, the oil would
probably disappear more rapidly through physical dispersion, but the extent
of degradatlon camnct be estimated at this time.

d} Our results have indicated that the degradation of oil in polluted
waters, i.e., the presence of readily degradable organic materials, may be much
slower than in non-polluted waters. The addition of small amounts of dextrose
or organic acids essentially inhibited degradation of the oil, Presumedly
because the bacteria found it to be a more palatable scurce of food.

e} The addition of detergents alsc interferred with the degradation of
the cil again because the bacteria seemed to prefer to grow at the expense of
the detergent rather than the oil.

f) The addition of commercial preparatioas of "oil-eating" bacteria had
no effect on oil degradation. They were rapidly displaced by indigenous oil

degradation populastions in the lake water. Th2 complexity and sensitivity o®
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of the oil degradation process that we have observed would tend to rule out
any poasibility of obtaining a practical preperatlion of "oll-eating" bacteria
which would truly degrade the oil.

g) In initial toxicology studies, it appears that oil degradation pro-
ducts may be detrimental to the development ard eventual hatehing of fish
enmbryos.

h) And finally, it would appear that the use of continuous culture
techniquea to study oil degradation is quite feasible and productive. Their
similarity to natural aquatic situations makes our results more reliable
and glves us information about oll degradatilon mechanisms which could not
be obtalned by any other technique.

From our studies it is clear that oil pollution abatement policies and
oil cleanup procedures must be formulated around the potentialities and
sensitivities of oil degrading bacterlal populations if one is going to be
at all certain as to the ultimate fate of oll in aquatic environments. We
have therefore made several recommendaticns c¢oneerming oil pollution abatement
(see pages 75-76 based on our knowledge of these bacteriasl activities. These
recommendations include the use of mechanical dispersion and containment methods
rether than the extensive use of detergents and the rejection of use of commer-

clally prepared "oil eating" bacterial suspensions.



LTI, INTRODUCTION

A. The Need for Degradation Studies in "erms of Potential legislative
Action

With the present onslaught of a vast array of organic chemicals which are
entering our aquatic resources it 1s becoming increasingly important to know
the fate of these materials in the affected ecosystem. Undoubtedly the fate
of organic pollutants is as diverse as the chemical nature of the pollutant
itself but it is, nontheless, recognized that the metabolic activities of
bacterial populations play a critical role in determining where the pollutants
will ultimetely residue or how fast the pollu-ant will eventually disappear.

Despite the fact that many microorganisms have been isolated in the lab-
oratory which degrade a large variety of organic pollutants, such as oil or
recaleitrant pesticides, swrprisingly little s known about their actual {ate
in aguatic ecosystems. How, for example, do hacteria completely degrade a
particular orgenic pollutant? Are the degradative mechanisms involved sensitive
to environmental conditions? Are their degradative capabilities as efficient
at low substrate concentrations as they are ai high substrate concentrations.
How fast do these processes operate under different conditions? And finally
are the degradation products more toxic to the environment than the original
pollutant itself? The answers to these questions are of particular importance
because it is quite clear now, that the awareness of bacteria which can degrade
a particular pollutant is not enough to allow us to predict its ultimate fate
in an aquatic environment. Instead, as is evident from the work with " cometabo-
1iem™ (27), it 1s essential that the entire bacterial population should be
examined.

It is also clear that many officials at nany different levels of admini-
stration and public service will eventually be forced to make decisions sbout
the treatment of oil spillage. Such decisionsi require a knowledge of what will
ultimately happen to the oil when it becomes dispersed in our lakes and streams.
as well as our oceang. The absence of thig knowledge, to date, makes these
decisions very difficult and often unreasonable. Tor example, the Environmental
Protection Agency is placing greater and greater restrictions on discharges
into oceans and lakes without really knowing the capacity of aquatic environments
to handle such discharges. This is a crucial point because EPA is setting the
precedents upon which much of the state and local legislation for water quality
standards and environmental impact policies will be based. It is c¢lear, there-
fore, that the greater the data base, the more¢ realistic and meaningful the
resulting declisicons will be,

B. Aspects of 0il Pollution

In the past 5-10 years large catastrophic oil spills such as the Torry
Canyon, Santa Barbara, and Gulf of Mexico spi_ls have aroused tremendous public
concern and have made it clearly evident that our aquatic resources are becoming
badly polluted with oil and petroleum hydrocarbons. Blumer {9) has estimated
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aquatic resources are becoming badly polluted with oil and petroleum
hydrocarbons. Blumer (9) has estimated an influx of 107 metric tons of
01l per year due to shipping losses alone. Other losses, from sewage,
motor oil, and incomplete combustion of fuels mey add considerably to
thie loading.

Once oil enters the aquatic environment, It can cause enormous
damage to the flora and feuna., Its physical Hresence can smother an
enimal, resulting in his death by asphyxlation or starvation. Plants
can be demeged by disruption of oxygen transfer or alteration of other
physiclogical processes.

Components of oll can also be chemically toxic to organisms in
the environment. In general, the small molecular weight hydrocarbons,
particularly the aromatic types, are the most toxic components of the
oll. Benzene and toluene have been shown to be toxic to fish at between
10 and 40 parts per milliocn (41). Higher molecular weight aromatic
compounds, particularly pyrenes and dibentracene types, have been found
to be carcinogenic to animal life in the sea (57).

Man is also adversely affected by oll pollution in the aquatic
environment. Besides resulting in direct death of fish and other life,
0il has been known to taint various commercis). fish and shellfish making
them unfit for human consumption. When beaches and surrounding watere
become impregnated with oil, they are rendered unsuitable for swimming,
boating, or fishing.

This recent awareness of the magnitude of oil pollution has been
accompanied by & loud public outery to cleanup the oil and "get it out
of sight." Unfortunately, the methods for cortrol and removal of oil
spllls are numerous and extremely diverse in prineiple, Many of the
methods are largely untested In actual situation's and when they are
lested there is no assurance that different ervirommentsl situations
can be handled with the same method. There are examples known where a
particular cleanup procedure has damaged an ecogystem more than the oil
1tself (30).

The eventual fate of oil depends on two tasic processes; dispersion
and destruction., Dispersion is primarily a physical process involving,
emuleification, sinking, evaporation, and abscrption. The extent to
which each of these factors affects the ultimste fate of the oil depends
in good part on the type of oil at hand and the envirormental parameters
involved. In general, however, physical digpersion 1s only responsible
for the removal of the oil from sight and does not infer destruction
of the oil.

It is well recognized that bacteria are the primary natural disposers
of oil and petroleum hydrocarbons in aquatic environments, and are ultimately
responsible for ridding the environment of oil pollution (56),

Therefore, i1t becomes very important to know if the aquatic environment

hag the capacity to ultimately degrade oil int> harmless byproducts and to
know if the degradation process is complete under all environmental conditions.
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. laboratory Studies of' Natural Degradation Processes

Aguatic environments are characteristically open systems; they are not
bound by walls or boundaries and there 1s free exchange of all parts of the
environment with any other part at any time. This aspect of aquatic en-
vironments has largely been ignored in many laboratory degradation studies.
As g result, degradation research has centered arcund the microbial activities
oceurring in closed containers or batch culture experiments, systems which
have no equivalent in natural ecosystems. Most of the present information
about the types of bacteria involved, the range of substrates attacked, and
the mechanlsms of oxidation, has originated from batch culture experiments.
Attempts to use this information to predict tre fate of oil or petrcleum
hydrocarbons in natural aquatic environments, however, has not met with
success and generally created more questions than it has answered (20).

Part of the reason that this laboratory information cannot be readily
extrapolated to a natural situation is because with these closed systems, the
chserved degradetion 1s a function of time-derendent factors which are con-
stantly decreasing or ilncreasing at a rapid rete. As a result, during the
course of an experiment, nutrient supply constantly decreased, metabolic end
products and cells continually increase and meny other parameters change un-
predictably with time, Thus, the part of the bacterial population which is
mediating the degradation process is the one which copes best with the con-
ditlons of the batch culture and does not necessarily reflect the influence
of natural environmental factcors on the degracsation process.

In natural aquatic environments, or typically open type systems, drastic
time-dependent changes are greatly minimized, although probably never com-
pletely eliminated. Because of this particuler characteristic of aquatic
systems, it is often desirable to study microkial degradation processes with
continuous culture techniques since they are ¢lso open systems. Although
continuous culture techniques are not an 2xact counter part with nature,
they represent a technique which will permit greater extrapolation of the
informatlon obtained to the natural situation than does any other technigue
presently avallable. They alsc possess sever:zl other advantages:

a) They are based on controlled situations which are a function
of a single growth limiting facior

b} They employ conditions in which factors affecting growth
of a bacterium is time-independent

¢) They allow a much greater latitude of experimentation on
the factors which effect the degradation process

d} They permit one to do studies at concentrations of sub-
strates and growth factors which are typical of natural
aquatic envircnments

e) They have excellent potential for studying the degradation

of the metabolic end products generated from the primary
attack on the oil itself.
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One of the major disadvantages of continuous culture is that they are
highly selective; only the organism which grows the fastest is able to per-
slst in a continuous culture system and all others are washed out. This
situation is not strictly typleal of a natural environment since organisms
are only dlsplaced but not eliminated,

Even so, the ecological studies which have been done with eontinuous
culture systems have proven useful. Jannasch (18) for exanple, has shown
that you can use continuous culture systems to emrich for bacteria which
are specifically adapted for growth under particular environmental factors
such as low substrate concentration, different types of substrates, changes
in pH, ete. Many of the bacteria have proven to be very sensitive species
which cannot be isolated by batch techniques. It is because of these reasons
that we have chosen continuous culture techniques for this study.

D. Goals of This Study

It has been our objective over the past year to develop a laboratory
model for the microblal degradation of diesel oil which can be used to generate
much of the needed information about the fate of oil in aquatic environments.
We have initially coordinated our efforts around the premise that the in-
formation generated in the laboratory must be directly applicable to natural
sltuations.

Our development of an experimental laboratory model for the study of
the microbial degradation of oil spills in freshwater has been accomplished
thru the use of continuous culture systems in which oil is layered on the
surface of a water colum and continuously exposed to fresh media. The
system is somewhat similar to the natural degradation of an oil slick under
quiescent conditions.

The goals of ocur work were those originally set forth in the project
proposal and they are as follows:

8) to determine the mechanisms by which crude oil is degraded
by bacterie in freshwater continuous culture systems.

b} to determine the environmental frctors which effect the
degradation rates and mechanisms.

c) to determine the toxicity of crude oil degradation products
on selected bloasssy sysiems.

d) Plan of Procedure
1) Freshwater continuous culture systems will be set up in
which fresh media and bacteria can be continuously passed
underneath an oll layer.

2) Gas and liquid chromatographic analysis of an oil will be
worked out in order that chemical changes in the oil can
be monitored.



4)

Degradation of a diesel oil will be followed in continuous
culture by monitoring chemical changes in the bacterial
populations using standard oculture techniques.

Environmental factors, such as inorganic nutrient con-
centration, polluted versus clean water, temperature,
particulate mattier, detergents, etc. will be studied to
determine their effects on the degradation process, Field
gtudies will also be carried out using Brockport's scien-
tifically equipped houseboat. This will allow fresh lake
water for different stations to be continucusly pumped into
our growth systems.

-0~



IV. LITERATURE REVIEW

A. Composition of 0il

Petroleum is a highly complex organic misture consisting largely of hydro-
carbons of several different molecular types, the three principle classes
being: alkanes, cycloalkanes, and aromaties. Alkanes, hydrcocarbons which
contain only single bonds, account for a large proportion, 36% to 65% of the
total weight of most petroleum distillates (4%). The most abundant series,
the normal or straight chein alkanes, contain from one to seventy-eight car-
bon atoms. Iso- or branched alkanes, especially the 2, 3, and 4-methyl alkanes
occur in relatively high concentrations (10 to 15 weight percent) and individual
members up to C40 have been isolated from crude oil (47). Highly branched com-
pounds are not as common in crude oil, although three particular compounds,
pristane (2,6,10,14-tetramethylpentadecane ), phytane (2,6,10,14-tetramethyl-
hexadecane ), and farmessne (2,6,10-trimethyldodecane) are found in concentrations
ranging from 0.7 to 1.8 weight percent.

The cylecoalkanes which contain at leagt one saturated ring structure,
although they are not as prevalent as the normal and iso alkanes, less than
15 weight percent total, are present throughout the entire boiling range of
crude oil (49).

Aromatic compounds, on the other hand, contain at least one unsaturated,
benzene component in their structure. Benezene, phenanthrene, and anthracene
as well as many tetra- and penta- ring compounds can be found in this aromatic
serles, The predominant arcmatics in crude oil, however, are the alkyl-sub-
stiltuted benzenes and napthalenes. Individua’. compounds which have been iso-
lated are l-methyl-3-ethylbenzene, 1,2,4-trimethylbenzene, and 1-, 2-, and 3-
methylnapthalenes.

There are also many sulfur, nitrogen, and oxygen containing compounds
found in varying amounts in most oils (49). Sulfur compounds usually comprise
one to two weight-percent whereas oxygen and nitrogen compounds are usually
found in concentrations of less than 0.9 welght-percent.

B. Physical and Chemical Factors Affecting the Disappearance of Oil

Auto-oxidation, a chemical reaction which liquid hydrocarbons undergo
in the presence of gaseous oxygen and light, :s one of the first chemical
changes which occur in oil spilled in the environment (37). Organic hydro-
peroxides appear as the main product, and in —he presence of the sulfur com-
pounds and metals, usually found in oil, these oxides are converted to ketones,
aclds, and aldehydes (42). Although auto-oxidation is a continuous process,
it is extremely slow and does not contribute significantly to the ultimate
fate of the oil.

Sinking, in contrast, is a very rapld process which removes large amounts
of oll from the surface and deposits 1t in the sediments. (14) It is generally



a process whereby the oil becomes lmpregnated with debris (e.g. clay particles,
bacteria, plankton, ete.) giving a brown soft mass which is heavier than water.
Once in the sediment, microbial degradation, dissolution, evaporation, and
auto-oxidation slow down and may even be completely inhibited. Thus, sinking
mey actually increase the residence time of oil in the environment,

Dissolution and evaporation are responsible for loss of many volatile
components (boiling point  300°C) of oll (56) even some of the higher
molecular weight water-soluble polar components (38). It has been shown
that dissolution and eveporation have been responsible for the loss of
?p go two-thirds of a Venezuelan crude oil within a few days in the ocean

21},

The use of mechanical and chemical c¢lean up procedures to remove the
polluting oll have met with varying degrees of success. Absorbents, such
as straw, clay, and polyurethene have been used to colleect oil. These are
useful In that they facilitate removal of the oil from the shore but they
must be used immediately before the oll has a chance to spread over a large
area. Oil herders both chemicel and mechanical have been used to contain
the 01l to a smaller ares, but have met with only limited success (55, 7), due
to rough seas and acute structural problems. Suction pumps have been tried
but are only useful when the oil layer is several inches thick (14).

Solvents and emulsifiers have been used to a much greater extent than
the above mentioned processes (55). Addition of these chemlcals causes the
0il to spread over a much larger surface area. This then increases the amount
of dispersion within the water colurm and thereby increases the degradation
of oil by microorganisms. Unfortunately, many of these chemical dispersants
and emulsifiers are toxic or bacteriostatic in even a few parts per million
(56) and thus heve limited value in clean up procedures.

C. Hole of Bacteria in Physically Hemoving 0il

The emulsification of oil is probably one of the first processes mediated
by oil degrading bacteria. It is simply a process whereby the oil is broken
up into a permanent suspension of tiny oil droplets., It has been commonly
obgerved in many degradation studies and there are indications that the emul-
sification may be the result of a proteinaceous~type compound elaborated by
bacteria. Since 1t appears that bacteria associate themselves with oil drop-
lets as a means of attacking it (24), emulsification, which produces more
surface area, 1s a very important initial step in the microbial degradation
of oil,

In addition to emulsifying oil, it has recently been found that bacteria
are capable of gequestering oil and individual petroleum hydrocarbons (15,
18, 19). In the sequestering process, the hydrocarbons or oil is taken up
and stored in inclusion bodies within the cells. Finnerty et al (19) have
shown that under natural conditions bacteria were able to sequester crude
oils, tar residues, and n-alkanes, indicating that the sequestering process



may play some role in the removal of oll from the surface of a body of water.

D. Microbial Hydrocarbon Degradation

Although it has been well documented thai, fungi are capable of degrading
oil and hydrocarbons (34. 1), 1t appears that bacteris are the prime degraders
in the aquatic envircnment because of their competitive abilities. It is clear
from many studies that & large number of bacterlal species are capable of de-
grading hydrocarbons and participating in the degradation of oil (56}. Hydro-
carbon metebolism is certainly not a unlque aspect of microbial populations
and in fact bacteria isolated from different ecosystems for varying reasons
often show hydrocarbon degradation capabilities (22).

In terms of substrate specificities, ind:vidual bacteria attack only a
narrow range of hydrocarbons. Bacterial popu.ations, however, demonstrate
an impressive array of hydroecarbon oxidative mechanisms. As has been es-
tablished numerocus times, n-alkenes are utilized with greater frequency
and rapidity than other hydrocarbons in liquid cultures (34). There is ap-
parently a specificity within the n-alkane series as well. Alkanes of 10
carbons or less are not degraded as frequently, or by as many bacterial
species, gg those hydrocarbons with carbon chaln lengths of ten or twenty-
four (22, 44).

Branched alkanes are fairly reslstant to microbial degradation in
comparison to n-alkanes, although this may be a reflection of the fact that
they have not been studied as extensively. There is, however, no gquestion
that they can be broken down by a variety of different bacterial species.

McKenna (39) has shown that microbial assimilation of alkanes was
affected by the degree of branching and the silze and position of the branches.
For example, if properly placed, multiple methyl branches did not render
an alkene unpalatable to the species tested. However, a quaternary carbon
atom (neopentyl group) occurring at the end of an alkane molecule, resulted
in a structure quite resistant to microbial degradation.

The cycloalkanes are very difficult hydrocarbons to breakdown and no
one to date has isolated an organism which will use cyclohexane as a sole
gource of carbon and energy. Even the addition of short chain n-alkyl
substitutions does not render them susceptible to microbial oxidation (43).
Beam and Perry (5) however, have shown that several strains of bacteria
were able to degrade long chain n-alkyl substituted cycloalkanes. Further-
more, they noted a greater probability of rinz cleavage when the side chain
contained an odd number of carbons.

The arcmatlc hydrocarbons represent the most diverse group of compounds
and are probably the most recalcitrant fractlon of the oll. However, aromatic
hydrocarbon oxidation is well established espzcially for the benzene and
nephthlene related hydrocarbons snd the primary differences in degradability
depends on the type of functional group substitution (23, 35). Methyl group
substitution at certain positions has been shown to slow up degradation and
even completely inhibit it. On the other hend, the substitution of various
alkyl groups on a benzene ring renders the resulting compound more susceptible
to degradation (39, 19).
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Another aspect of hydrocarbons utilization which will strongly affect
the degradation of oll in aquatic ecosystems ls the phenomenon of co-metabo-
Lism (27, 46). Co-metabolism is the process Dy which a microorganism can
oxidize a substrate which cannot or will not He uged as an energy source.
Many researchers have shown that certain hydrocarbons which will not suffice
a8 a source of carbon and energy for isolated organism are in fact oxidized
when mixed with soil especially if some other readily utilizable substrate
is supplied (46). Beam and Perry (8), for example, have suggested that re-
caleitrant cycloalkanes may be degraded via co-oxidation while growing on
other hydrocarbon substrates.

E. Microbial Degradation of 0il

There has been a relatively large number of studies on the degradation
of 0oil by bacteria, almost all of these involving batch culture types of
experiments, and it is now clear that there are certain trends which are
routinely encountered. (32, 36, 10, 29). Beside the initial emulsification
step described above, bacteris invariably attszck the normal alkanes first,

In a gas chromatographic profile the n-alkanes usually represent the most
predominant peaks and these peaks are always the first to disappear during

the degradation. 0ils, in fact, which are low in saturates show a much slower
rate of degradation (54).

In most oils, pristane and phytane (branched alkanes) are also present
in high concentrations but they Invariably take much longer to be degraded
at least relative to the n-alkane. However, it is only a short lived method
sinee, after sufficient incubation the pristare/phytane peaks also disappear
(29, 45). The cycloalkane and aromatic fractions are the most recalcitrant
fraction of the 0il since in many bateh culture experiments these fraction
never do seem to disappear even after extensive incubation. This result is
both a function of the cultural conditions and the gensitivity of the analy-
tical techniques. In natural situations however, these recalcitrant fractions
do disappear although there is no convineing evidence that they are actually
degraded. In the laboratory, however, one probably immediately selects out
for alkane utilizing bacteria eventuslly displacing those organisms capable
of degrading these more complex fractions.

The time course involved in these degradations is highly varisble.
Generally, in the laboratory the n-alkanes are entirely degraded in 20-40
days whereas with those small numbers of experiments done in the field it may
take 1-3 months to degrade the saturates and as long as 12-15 months to
completely degrade the entire amount of oll present (10).

F. Environmental Factors Affecting 011 Degradation

There are various interrelated parameters which influence the microblal
degradation of 0il in the aquatic environment. Generally speaking, most
hydrocarbon utilizers require free dissolved oxygen. ZoBell (58) for
example, has determined that the biological oxygen demand of Barataria Bay
bottom samples inoculated into an oil-mineral salts media was three to four
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milligrams per liter. Thus, the complete oxidation of 1 mg of hydrocarbon

to carbon dloxide and water required approximately 4 mg of oxygen. Partial
oxidation of the hydrocarbon, involving the incorporation of molecular oxygen

to form alcohols, aclde, aldehydes, or esters. requires much less oxygen than
does the complete oxldation to carbon dioxide and water. In sltuatlons where
the organiems are in contact with the normal atmosphere, as at an air-water-oil
interface, the supply of oxygen is quite adequate. Oxygen can become a limiting
factor, though, in areas of intense microbial activity below the water's sur-
face, particularly in bottom sediments.

There is still a great deal of controversy over whether bacterla can
oxidize and degrade hydrocarbons under anaerobic conditions. Several in-
vestigators have reported the slow disappearance of oil in the complete
absence of oxygen, uging sediment samples (58, 12) but the actusl mechanism
of degradation has never really been fully clarified. Since sulfate and
nitrate can serve as alternate eleciron accep.ors, there would appear to be
ne problem in degrading a hydrocarbon once it was initially oxidiged. However,
this initial oxidation step is the most troub..esome point since it has classi-
cally been a mechanism involving molecular oxygen. Despite the fact that
Kallio (40) has argued that primary oxidation under anserobic conditions is
thermodynamically impossible, several lines o1’ evidence now indicate that water
can be added over a double carbon molety thus producing an aleohol derivative
of an alkane without the use of molecular oxygen (40). Whether this is a com-
mon type of reaction or not still remains to he established. Regardiess,
1t 18 well established that the deposition of ¢il in an anserobie environment
drastically slows down the rate at which it is degraded by bacteria.

Temperature, also afffects oil degradation rates and there is now con-
giderable evidence to indicate that temperatures below 10°C slow degradation
substantially (1). Westlake and his colleagues (54) have presented pre-
liminary evidence demonstrating the existence of different degradative mech-
anisms and different population compositions of oil degrading bacteria at
4°C. Of particular interest is the apparent decreased rate of aromatic degra~
dation at these temperatures but no significant effect on the n-alkane utili-
zation.

Nitrogen and phosphorous are of course required for oil degradation and
they are probably the first factors to become rate limiting in the natural
environment (56). For example, Atlas and Bar:ha {4, 6) reported the addition
of elther nitrogen or phosphorous to sea water did not stimulate blodegradation
or mineralization (complete oxidation). The addition of both, however, in-
creased degradation by 79% and mineralization by 42%. Experimental evidence
of Jobson et al {30} has shown the addition o’ urea-phosphate to oil-impregnated
g8oll, significantly increased the utilization of both the saturate and the
aromatic fractions of the oll. The requirements of an oil utilizing bacterial
population, then, can be supplled by a few parts per million nitrogen and
phosphorous.

The presence cof low concentrations of organic material may promote the
growth of hydrocarbon utilizing organisms by providing needed co-factors such
as vitamins or aminc scids. However, Atlas and Bartha (5) reported the
utilization of petroleum by two marine isolates was inhibited by the presence
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of fatty amclids, particularly short chain ones. It 1s feasible that catabolite
rapreasion by glucose or other orgenic compourds may have an effect on oll
degrudntlion but this has not been determined.

G. Methods of 011 Negradation Analysis

One of the big problems in oil degradaticn studies has been the lack of
good analytical methods for monitoring the degradation process. Since so
many different methods have been used, it is cften difficult to compare re-
sults. Many ere also limited in value, either because they are not quantita-

tive enough or because they do not show the degree or completeness of degra-
datlon.

Column chromotography has been somewhat successful in analyzing changes
in oil caused by microbial degradation (11, 15, 32). Silica gel and silica
gel-alumina dual phase column chromotography have been used to separate
alkane and aromatic fractions of crude and diesel oils (29, 32). Onece
separated, bacterially mediated changes in the two fractions can then be
determined by gravimetrlic means (29) or gas ckromatography (29, 11).

Used in conjunction with liquid chromotography, gravimetric analyses
allows an abgolute determination of the extent of degredation of the alkene
and the aromatic fractions of the oll by comparing weight loss relative to
a etock oll. Both Kator (32) and Jobaon et al (29) have obtained significant
information using this method. Gravimetric measurements however are not
qualitative and cennot be used to determine the utilization of indlvidual
components of s mixture.

Gas chromatography itself or in conjunction with liquid chromatography
can be used for both qualitative and quantitative changes brought about by
microbial action on oil. The separation of components in a very small sample
can be obtained very rapidly and with a high degree of resolution. Qualitative
analysig 1s based on comparison of the retention time of the unknown compound
with that from & known hydrocarbon, under identical conditions (25).

Various workers have used gas chromatography to study oil degradation and
it is now considered a standard technique. Soli and Bens (48) for exsmple,
have determined the extent of utilization of an artificial oil by analytical
gas chrometography. Walker and Colwell (53) have recently used liquid and
gas chromatography to determine the microbial utilization of a motor oil and
an artificial oil in laboratory experiments. Gas chromatography has alsoc been
found to be extremely useful in field studies also, as exemplified by work of
Blumer et al (10) and Jobson et al (29).

There 1s however one problem which has become apparent, since gas chroma-
tography has been used to analyze complex oil mixtures. Researchers have been
unable to resolve the gas chromatographic profile which is left in the residue
of degraded oil. Mass spectral data have indicated that the undegraded envelope
is comprised of one to six ring cycloalkanes and various polyaromatic compounds
which cover a large bolling range (53).
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Simple visual cbservation of s gas chromatographic profile 1s generally
not enough to verify actual chemlcal change brought on by bacterial degrada-
tion. Instead quantitative relationships between certain components in the
oll must be evaluated. The peak height ratios of n-Cl7/pristane and n-C18/
pPhytane have been established to be a valid irdication of compositional changes
occurring in the oil, and also appears to be s sensitive indicator of bacterial
degradation of oil (11). The method is based on the recalcitrant nature of the
isc-alkanes, pristane and phytane. Since they are much less susceptible to
microbial attack, the n-alkane ratio, a preferential decrease in the concentra-
tion of the respective n-alkane is indicated, whereas an increase in the ratios
would indicate a preferential utilization of the iso-alkanes. One drawback
with this technique, is that if both pristane and phytane are degraded and there
are reported cases of branched alkane oxidizirg bacteria (45) simultaneously
along with thelr respective n-alkane, the ratios would indicate no degradation.

Thus, in order to further substantiate the results obtained, using the
peak height rates method, peak-envelope ratios were also calculated. The
ratio of the peak height to the envelope deperds on the recalcitrance of
the envelope components and this has been repcrted in the literature to be
the case (29, 53). The ratlo of the peak height above the envelope to the
envelope itself would then glve us another method to determine the extent
of degradation of the oil by bacteria.
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V. MATERIALS AND METHODS

A, Continuocus Culture Techniques

The basic design of our continuous culture apparatus allowed us to study
the degradation of diesel oil in an undisturbed two phase system (see Fig, 14).
011 was floeted to the surface of a water columm allowing the continual flow
of media beneath it. Flow rates were controlled by a peristaltic pump (Harvard
Apparatus, Model 1203). A glass 18 mm tube in the center of the growth vessel
(which was part of the aeration system), prevented mechanical dispersion and
emulsification of the floating oil. Silicon tubing was used wherever flexible
tubing wes needed as this was resistant to bacterial contamination and physical
changes due to hydrocarbons.

The aeration system was hased on the use of a constant vacuum (drawn
by a mechanical pump) to suck filtered air anc culture fluid up into the
aerator. The aerator was initially filled by pinching off the flexible portion
of the intake tubing so that liquid was suckec up into the aerator via the
return tubing. This procedure completed a siphon in the return tubing so that
once the intake tubing was reopened, liquid wes continually circulated and exited
via this eiphon. During the start-up procedure, the sample port was left open
until the siphon was complete, A reservoir of culture fluid was continually
maintained in the aerator tube by virtue of tte constant vecuum., The volume
in the culture vessel was maintained at 250 mls using a u-tube in the aerator.

Sampling was accomplished by first clamping off the overflow and intake
tubings and then removing samples thru the sample port or from the inside of
the center tube. This latter procedure could be done without breaking the
siphon or disturbing the oil layer. By simply removing the clamps, the aera-
tion process again commenced by itself.

All samples of water used to Inoculate tke continuous culture vessels
were obtalned from Lake Ontario at Hamlin State Park, Hamlin, New York.
Samples were taken In 15 1 Nelgene carboys anc. were used immediately upon
return to the lab or stored up to three weeks at 10°C.

The medium used in the resevoir of the ccntinuous culture systems
contained 100 mg NapHPO,-KH,PO;, pH 7.2 and 1C mg of each NH,Cl and MgSO
per liter of medium. For initial unsupplemented ¢il experiments, salts
were added ag stock solutions to 14 1 of distilled water which had been
steam sterilized for 6-8 hours. In experiments to determine the effects
of amendments on the degradation rates, soluble carbon sources were added
to the resevoir at 0.1% concentration. In thcse experiments where hexadecane
was the added cerbon source, 1 ml was added t¢ 7 ml of oil, This mixture was
added to the culture vessel in place of the unamended oil.

4
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Figure 1A - Continuous Culture System Used in 011 Degradation Studies
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To utart a continuous culture experlment, an incculum of 250 ml of Lake
Onlarko waler wads plufed in the culture vessel and amended with 25 mg of
Na HPO,-KipPO, and 2.5 mg of NH, Cl and Mgh0. Iight milliliters of topped
dlesel oll wag added through Lhe sampling port. The system was incubated
at room temperature for l2-15 hours as a batch culture (no media inflow).
The flowlof media was their commenced and continued at a dilution rate of
0.05 hr~+,

For each experiment a sampling schedule was set up so that the oil and
bacterial populations were analyzed at ninety-six hour intervals. At each
sampling period the following procedure was carried out:

a) Sixteen hours before any samples were taken, the catch flask
(containing effluent) was emptied and washed.

b) An effluent sample was taken by collecting all the fluid which
had flowed into the catch flask c¢ver a sixteen hour periocd.

This sample was immediately extrascted to recover any oil
present and subsequently prepared for chemical analysis (see
below).

¢) An oil layer sample was taken by touching a disposable capil-
lary pipette to the oll layer. Approximately 50 Al of cil
would move into the pipette by cepillary action. This oil
was then washed out of the pipette with benzene-pentane solvent
and subsequently prepared for chemical analysis {see below).

d) A culture fluid sample, for analysis of the bacterial populations,
was taken by placing a sterile pipette into the center well of
the continuous culture system and removing 1.0 ml of fluid. This
sample was then immediately diluted and the cell numbers were
determined by standard quantative spread plate techniques using
Standard Methods agar (Difco). Flates were incubated at room
temperature for up to fifteen days before examining. Isoclates
were distinguished entirely by cclony morphology and were stored
on Standard Methods agar slants at 10°C. The e¢riteria for pre-
dominance was based on the colonies which made up the largest
percentage of the total bacterial population,

e) Any physical changes in the oll were also recorded at this time.

In sequential continuous culture experiments, a second and third vessel
were connected In series to the primary vessel as shown in Figure 1&. In this
way the effluent from one vessel gerves as the nutrient source for the second
vessel., The volume of these vessels was 1:3:9,

The primary vessel of the sequential contlnuous culture system was then
inoculated and incubated as indicated above. 1The second and third vessels were
empty at the commencement of the experiment and were eventuslly filled with
effluent from the first vessel.

Each of the vessels in the sequential system were sampled as described
above. For oil analysis, approximately 200 mls was removed from either the
gecond or third vessels and then this loss in volume was replaced with 200 mls
of sterile Lake Ontario water.
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To atart a continuous culture experiment, an inocculum of 250 ml of Lake
Ontarlo water was placed In the culture vessel and emended with 25 mg of
Na HPO,-KH,PO, and 2.5 mg of NH401 and MgS0. Eight milliliters of topped
dlesel oll was added through the sampling port, The system was incubated
et room temperature for 12-15 hours as a batch culture (no medie inflow).
The flowlof medis was then commenced and contlnued at a dilution rate of
0.05 hr-1,

For each experiment a sampling schedule was set up so that the oil and
bacterial populations were analyzed at ninety.six hour intervals. At each
sampling period the following procedure was carried out:

a) Sixteen hours before any samples were taken, the catch flask
(containing effluent) was emptied and washed,

b) An effluent sample was taken by collecting all the fluid which
had flowed into the catch flask over a sixteen hour pericd.

This sample was immediately ext:racted to recover eny oil
prese%t and subsequently prepared for chemical analysis (see
below),

¢} An oil layer sample was taken by touching & disposable capil-
lary pipette to the oil layer. Approximately 50 ul of oil
would move into the pipette by capillary action, This oil
wag then washed cut of the pipette with benzene-pentane solvent
and subsequently prepared for chemical analysis ?see below ).

d) A culture fluid semple, for ansalysis of the bacterial popuilations,
was taken by plecing a sterile pipette into the center well of
the continucus culture system and removing 1.0 ml of fluid., This
sample was then lmmediamtely diluted and the cell numbers were
determined by standard quantetive spread plate techniques using
Standard Methods agar (Difco), Plates were incubated at room
temperature for up to fifteen duys before examining. Isolates
were distinguished entirely by colony morphology and were stored
on Standard Methode agar slants at 10°C., The criterie for pre-
dominance was based on the colonies which made up the largest
percentege of the total bacterial population.

e) Any physical changes in the oil were also recorded at this time.

B. Determination of Substrate Specifici-y of Bacterial Isclates

Because of the insolubility of hydrocerbons in aqueous media, it is very
difficult to determine which types of hydrocarbons are attacked as carbon and
energy sources. The use of agar medie under lyydrocarbon atmespheres is com-
monly employed but it is often difficult to get good growth with this method.
Liquid culture, in which hydrocarbons are dispersed as small droplets by mecha-
nicael agitation, hes also been extensively used but here again it 1s some times
difficult to determine if no growth means lack of the appropriate degradative
pathway or inhibition of growth due to toxleliy, smallness of inoculum or lack
of ecme other growth.factor.
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To circumvent these problems we have done substrate specificity tests in
liquid culture using large inoculums of log phase cells in media supplemented
with sodium acetate as well as with hydrocarbon being tested. Each purified
1solate was first grown in shake flasks containing 100 mls of GYP medium {1.0%
glucose, 1,0% peptone and 0.1% yeast extract)} until heavy turbidity was ob-
tained. Ten mls of this culture was transferréd to a large bubbler flask con-
taining 300 mls of acetete minimal salts medium (NH,C1, 1 mg/l; NaoHPO4, 2 gm/l1;
KH»FO,, 0.8 gm/1; NaCl, Q.1 mg/l; MyS0,, 0.04 gm/1; FeCly, 2.0 mg/1; Na acetate
20 gm/1} and incubated for 48 hours at room temperature.” The cells were then
harvested and washed twice, asceptically with 0.01 M sodium phosphate buffer,
pH 7.2, On the second washing, the cells were concentrated three fold. Ten
mls of this washed concentrated cell suspensisn was used to inoculate shake
flaesk contalning the hydrocarbon to be tested and acetate minimsl salts medium
containing only 2 gm/l sodium acetate rather than the original 20 gm/l. The
initial optical density of these cultures was about 0.1 (420 mm), All iiquid
hydrocarbons tested were used at & concentration of 0.2 mls per flask (screw
capped flasks were used for volatile hydrocarbons). Solid hydrocarbons were
used at a concentration of 0.2 gm per flask,

Each of the hydrocarbon flasks was lncubated on a shaker and optical density
readings were recorded each day, In flasks where hydrocarbons were nontoxic,
growth immediately commenced and continued until the acetate was consumed., If
the isolate could use the hydrocerbon present for carbon and energy, then growth
continued (measured by changes in optical density) but usually at a slower rate.
If the isolate could not use the hydrocarbons, then the optical density remained
constant, Iln many caseg for as long as ten days.

- C. Chemical Analysis of the 0il

Diegel o0il used In this study was obtalned from the commissary at SUNY
Brockport, Brockport, New York., The oil was topped by placing one 1iter
of the oll in a tared beaker and exposing it to forced dreft conditions at
37°C. This process was continued until the rate of welght loss was negligible.
This process removed volatile materials up to and including normal dodecane,
leaving approximately 65% of the welght of the original c¢il, The topped oil
was then filter sterilized twice through 0.4544 Millipore filters and stored
in sterile ground glass bottles., Thils sample of oil was used for all experi-
ments.

The snalysis of compositional changes in the ¢i1l during the degradation
process was accomplished either by sampling o0il directly from the oil layer
itself, or by extracting residusl oil from effluent samples, at the same time
the oll layer was sampled, Approximately C.2 ml of oil was asceptically re-
moved with the capillary pipet at each sampling time and placed in a 2 x 10
mm conlcal tlpped centrifuge tube conteining 2 ml of distilled water. This
solution was extracted twice by shaking with 15 ml of dry pentanebenzene sol-
vent (1:1 by volume). The organic phases were then combined and concentrated
in a 3 x 12 mm round bottom test tube.



To sample the effluent, 200 ml of culture effluent was collected and
twice extracted by shaking with 25 ml of the same solvent in a 250 ml
geparatory funnel., The organic phase 1n thes= extractions were szaturated
with tiny air bubbles interdispersed in a white emulsion, In order not to
conteminate the extracted oil with thls emulgion, the solvent layer was
carefully decanted into a 3 x 15 mm round bottom test tubde, leaving the
emulsion in the funnel.

All extracts were concentrated to approximately 0,5 ml under forced
air conditions in test tubes suspended in a 32°C water bath, These con-
centrates were placed in 1.1 ml conical tipped storage vessels (Bellco
Glass) along with 0.5 ml solvent rinse of each test tube. These solu-
tions were further concentrated by a forced atr draft. If visusl exam-
inatlon of the concentrate demonstrated no further loss of volatile solvent,
the samples were sealed with teflon or silicone lined caps. These concen-
trated samples were then analyzed by gas chromatography. The effluent samples
congisted of culture fluld which had passed out of the continuous culture
vessel Into a speclal catch flask over a 16 hour perlod,

Gas chromatographic analyses were carried out using standard high
temperature non-polar silicone columns. Coluwmn packing material was
prepared by dissolving 0.15 g of OV-1 methyl silicone (Applied Sclence
Laboratories) in 15 ml of analytical grade toluene, overnight. This solu-
tion was added dropwise to completely wet, bus not sosked 5 g of Gas Chrom
Q (Applied Science) in a 25 ml beeker. The toluene solvent was then evapor-
ated at 40°C while gently agitating the mixture by hand.

Two ten foot stainless steel columms (1/8 inch I.D.) were cleaned
wlth successive 300 ml volumes of hot detergent hot water, distilled
water, and benzene and flnally dried by passing thru a bunsen burner
flame. Columns were packed by intermittent vibrating with a Vibro-Graver
(Burgess) and plugged with glass wool. Colums were condlitioned at 325°C
for 48 hours while being purged with a small volume of helium gas.

A Hewlett-Packard Model 5750 gas chromatograph equipped with a dual
flame ionizatlon detector was used.in all ana yses. The Instmment was
programmed as follows: linear temperature program 60-670°C at a program-
ing rate of 4°C per minute; injection port temperature, 300°C; flame de-
tector, 300°C; helium carrier flow rate, 20.0 ml/min; hydrogen flow rate,
12.5 ml/min; air flow rate 350 mg/min.

Benzene or pentane was used as & solvent for injection as they passed
through the OV-1 column well in advanced of other compounds.

Characterization of the oil chromatographs was carried out by com-
parison with a stendard hydrocerbon mixture (Figure 2), The standard
mixture was prepared by adding 30 mg of solid or 30 ul of 1liguid hydro~-
carben to 200 pl of benzene solvent. Samples were injected into the gas
chromatograph and retention times of the hydrocarbons determined. The
final mixture contained 30 resolvable components and is referred to as
ARTOIL in the text, It was possible to identify all of the n-alkanes series,
two isoalkanes, pristane and phytane, and several pesks within the diesel
oll chromatogram.
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To monitor chemical changes in the o1l during the degradation pro-
cess, samples were removed from the oll layer at predetermined times,
chromatographed, and analyzed by the peak height ratio meihod of Blumer
et al (11) and a peak-envelope ratio method developed herein. Peak heights
for the n-Clé/Pristane, n-Cl7/Pristane, and n-Cl8/Phytane ratios were
measured from the bageline to the top of the peaks. Peak heights for the
n~-Cl3/envelope and n-20/envelope ratios were measured from the top of the
pesks to a line drawn across the bottom of the pesk at the edge of the
envelope. The envelope 1s defined as thet arza enclosed by the baseline
and & line drawn along the bottam of all peaks in the profile., The term
profile Indicates the entire chromatographic attern.
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Flgure 2 - Gas Chromatographic Profile of Standard Hydrocarbon

Mixture Referred to as ARTOIL.
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VI. RESULTS AND DISCUSSION

A. Characteristlics of the Typical 0il Degradation Process In Continuous
Culture - Physical Changes

The initial objective of our work was to establish a standard set of
characteristics which would be typical of any degradation sequence observed
in our continuous culture systems, Despite the time element involved, enough
experiments have been performed to obtain a general degcription of how the oil
is attacked. All conditions of our experiments were maintained as uniform
as posslble and all systems were incubsted at room temperature until all of the
o0il haed disappeared from the culture vessel. At present, we recognized five
important phases in the degradation scheme and these are described below.
They are algo gummarized in Table 1.

1. Adjustment Phase

This first phase constitutes the adjustment taken by the mixed bacterial
population in the Lake Ontario inoculum in response to the presence of the
oil. It involves a selectlon for those bacteria which associate rapidly
with the oll layer. Since the oll has been topped and since many of the
more goluble hydrocarbons are volatile, it is unlikely that the oil contributes
much soluble organic matter to the growth medium. Therefore the bacteria
which do not adhere to the oil have little substrate for growth and are unable
t0 maintain themselves in the continuously di_uted growth vessel., This reason-
Ing is reflected in the initial observations of the oil degradation process.
Characteristically a rapld increase in turbidity occurs within the first 2-5
days followed by & leveling off and eventually a alow decrease in the turbidity.
Within about 100 (4 days) hours of incubation. the culture fluid became rela-
tively clear and a significant lag period sets in, The immediate increase
in turbidity was probably due to bacterial growth on small amounts of indigenous
organlic material present in the lake water inocula. This growih would have been
stimulated by the high concentrations of nitrogen and phosphorous which were
added at the time of inoculstion. As the experiment progressed, however, this
organic material was either used up or washed out of the culture vessel re-
sulting in a decrease in the population densi-y and causing the gradual de-
creage In turbldity.

The so called lag period is characterized by a general lack of change
which 1s quite variable in length being of 4-10 days duration after inoculation
in moat experiments.

2. Surface Growth Phase

This second phase i1s characterized by the obvious increase of bacteria
on the bottom surface of the oil layer. Typically a thin bacterial film
developed at the oll water interphase causing the oil layer to become siagnant,
i.e., it no longer moved in the current caused by the stirring bar. With
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further incubation, 170 to 600 hours (7-25 days) the bacterial film thickened
and cell masses began to accumulate in and arcund the oil layer. Wall growth
was also notlceable around the oil layer and on the center tube. Small air
bubbles from the aeration process generally begin to accumulate under the oil
layer. Again, the length this phase was varlable, generally lasting 4-25 days,

3. Impregnation Phase

As the bacterial film continued to thicken, the oil layer itself became
turbid due to the impregnation of the ¢il by the bacteria. The oil layer
became milky brown in color and almost completely amassed in the thick mat
of bacterial growth, Wall growth around the oll layer also increased significantly
but the culture fluid itself was only slightly turbid with amall quantities of
particulate material Interspersed throughout.

Also quite noticesble at this time was the beading up of the bacteria-~
impregnated oll layer into small droplets which accumulated around the center
tube. We have termed thls droplet formation as a form of emulsification since
the droplets did not coslesce back into an oll layer. The drops probably formed
as a result of agitation caused by escaping air bubbles and the entrance (drop
wise) of fresh media. The persistence of the droplets was a function of the
bacterial growth since similar agitation occurred in the control system without
submequent emulsification. As incubation continued, the emlsification in-
creased until the entire oil layer was composed of small droplets amassed
together.

4. Flaking-Off Phase

In this phase the amount of growth in the oll layer became so extensive
that white particulate amorphous masses of cells and 0il droplets began to
flake off the oil layer. These were then mixed into the culture fluid, causing
a slight increase in turbidity, and eventually washed out of the growth vessel,
Microscople examination revealed that these flakes consisted primarily of
bacterial cells interdispersed wilth an emulsion of oil. The flaking process
continually removed small amounts of the oil during the rest of the experiment
until about 600 and 700 hours (25-29 days) when the flaking increased sig-
nificantly giving the culture vessel a "snow fall" appearance. If at any
time during the flaking phaese, the revolutions per minute of the stirring bar
was Iincreased the amount of flaking increased and greatly speeded up the re-
moval of oll from the oil layer. Under such increased turbulance, we have
seen the oil disappear within two-to-three days. However, the oljject of our
experiments was not to obtain maximal oil removal rates but instead to obtain
a degradatlon process which we could study in detall over an extended period
of time. .

5. Washout Phase
After 700-800 hours (30 days) of incubation, the flaking started to

decrease as the oil layer was now greatly reduced, it no longer covered the
entire surface of the water column.
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Finally, in 1060 to 1400 (50 days) hours, the oil layer completely dis-
appeared, as did the turbidity in the culture. The wall growth algo
decreased but much slower.

These changes have been consistent from 2xperiment to experiment with
only variations in the time spans and intensity of each event. We have
estimated that it takes from 1100 to 1400 hours incubation in our systen
to completely remove a 2 mm thick layer of oil from the surface of a water
column under nonturbulent conditions.

Since bacteria appeared which can ettack a stable oil-water interface,
extensive dispersion is not a prerequisite for degradation. The method
of attack does not involve the immediate use of emulalfylng agents, since
the o0ll remalned in the continuous culture system for extended periods of
time. Instead, the attack involved a direct attachment to the bottom of
the oil layer, followed by a slow degradation and mild emulsification from
the bottom upwards. The bacteria responsible for the inltial attachment
events appeared to be unique in that not every lake water sample contained
them, (i.e. initiation of degradation of the oil was never observed and
experiments were subsequently restarted). Many water samples taken during
the summer months (May thru August ) seemed particularly inadept at initiating
the degradation of a stable oil-water interphase. We are not exactly sure
what determines the success of this event but preliminary indications (see
section E) are that one or two specialized types of bacteria are responsible
and for some unexplained reason they simply mey not be as plentiful in the
Iake during the summer,

B. Characteristics of the Typleal 0il Degradation Process in Continuous
Culture - Chemlcal Changes in the OilgLayer

Bacterial growth and the dlsappearance of oill from the surface of a
body of water does not, in itself, indicate degradation. The use of gas
chromatography does allow one to obtain both z qualitative and quantitative
estimation of the extent of degradation. In =n attempt, therefore, to cor-
relate the physical changes with the chemical changes brought sbout by the
bacteria, gas chromatographic analysis was carried out,

1. Undegraded 0Oil

A gas chromatogram of the topped undegraced diesel oil used in our ex-
periments is shown in Figure 3. Characterization of the chromatographic
profile of the oll shows in order of prominance: 1.) a series of n-alkanes,
n-Cl2 to n-25; 2.) two highly resolved iso-czlkanes, pristane and phytane;
and 3.) over fifty smaller pesks partially resolved from the envelope. The
partially resolved peaks and unresolved envelcpes are comprised of various
1so-elkanes, cycloalkanes, and aromatic hydrocaerbons,

A major problem which became apparent during the chemical analysis of
the oll, was a loss of some of the lower boiling components during the con-
centration procedure, an effect which would irvalidate some of the changes
seen In the peek ratios. Data in Figure 4 and Table 2 show the results of
an experiment to determlne the effects of concentrating the sample. An
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examination of the profiles shows that some of the lower bolling compounds
are indeed lost during drying down. But, even after 24 hours of forced draft
conditions, the n-Cl7/pristane and n-Cl8/phytane ratios were only decreased
to 1.18 (1.6% decrease) and 1.32 (4% decrease) respectively. Since no oil

or effluent samples were ever expogsed to the “orced draft for more than 12
hours, these figures represent the minimum ra-ios due to the drying procedure.
These changes were thus used as the limits of experimental error and any ad-
ditional decrease beyond this was considered atiributable to microbial acti-
vities. Data in Table 2 also shows the effecss of drying on the n-C20/envelope
and n-Cl3/envelope ratios. The latter ratio underwent the most drastic drop,
from 2.16 to 1.85 (15% decrease). As will be shown later, this change in the
ratlos is much smaller than that observed in degraded oil. As night be ex-
pected, the n-C20/envelope ratio was not affected by drying down since n-~C20
is a relatively non-volatile hydrocarbon.

2. Degraded 0il - 700 Hours Incubation

Figure 3 shows the chromatographic profiles of the undegraded oil as
well as oil recovered from the oil layer of system XI at the noted times.
Peek height ratlio and peak-envelope ratio data, for these profiles are
shown in Table 3.

In examining the date, 1t cen be seen thet there is very little change
in the profiles as compared to the undegraded oil up to 700 hours of incuba-
tion, A slight change in the peak heights of the lower region can be seen,
but these can probebly be attributed to the eoncentration procedure noted
above. Very little change was noticeable in the n-Cl3/envelope ratios above
the effects of drying down.

3. Degraded 011 - 1135 Hours Incubatlon

Noticeable changes are apparent iIn the oil after 1135 hours of incubstion
(figure 3). The decrease in both the n~Cl7/pristane (11% decrease) and the
n-Cl8/phytane ratio (16&% decrease) indicates cegradation of the n-alkane series
especlally the lower molecular weight n-alkanes. The n-C1l3/envelope ratio
dropped significantly (40% decrease) when compared to both the undegraded oil
&nd the n-C20/envelope ratio has dropped only slightly (7%). This is a strong
indication that the small chain lengths are being preferentially attacked,

The increased solubility of the lower boiling hydrocarbens and presumedly makes
them more accessible to microorganisms (31, 34).

4. Degraded 011 - 1400 Hours Incubation

Even more proncunced changes are evident in the oil residue removed at
the terminatlon of the experiment (figures 1400 hr). All of the ratioc data
indicates a degradation of the n-alkane series. For example, the n-Cl7/pristane
and n-Cl8/phytane ratios show a 26% and 25% decrease respectively when compared
to the undegraded oil. This is substantiated by large decreases in the n-C20/
envelope and n-Cl3/envelope ratios. Although, these changes are not readily
apparent in the gas chromatographic profiles shown In figure 3 due to their
reproduction (and reduction) for this report, first hand exasmination does show
the indicated changes.

..3'5_



($6T) tg°T ($T) 6T°T
€9°T 6T'T
01°¢ gT"T
g1 ¢ 6T T

o1-®d 01384
adoTsAauz/LTo-U adoTaaug/QeD-u

-
Y
-

odd ucTaeajusduo)y Furang BJuithag JITy sddog Jo spoTdad ButasJJid pascdxd
Teso1q paddol Jo s8T7T1j0dd cTudeafolrwoay) SEBL wWoJdJ SOTISBY 2UZTaH dHesd -

() CE°T

Gt 1

e€e-1

ge "1

oT3ed
aueyfyd /gTo-U

(g2) 81°1 0" te
gl"T 0°'¢tT
Ic'T 0°9
0c'T 0°¢
5T3e8 {sanocy)

auB3sTII/LIO~U SUOT3TPUOD 3JBaCd

)

IODpUl SWTL



A slight alteration of envelope components may also have occurred, since,
the profile has become slightly skewed to the right. This would be expected
1f some of the cyelic alkanes and aromatics were degraded. However, at this
polnt we have no way of quantitating the change.

A simllar get of data obtalned from a second run of the same experiment
(designated 2) 1s shovn in Figure % and Table 3. This degradation run was
under the same set of conditions but inoculated with a different Lake Ontario
water sample. Except for some minor changes, the degradation follows the same
pattern as in the X1 experiment.

5. Discussion

It is evident from the above data that the degradation of the oil in
the oil layer is a very slow process. Even aiter 1300 hours of incubation,
System X1 and System X2 showed only a small degree of degradation.

This is a difficult situation to explain since the oil was in fact re-
moved from the oil layer (through the flaking process) and massive amounts
of growth occurred in and around the oil layer. It is possible that because
of the thickness of the oil layer, degraded oll was diluted to the point of
obscurity by undegraded oil. This dilution effect would alse account for the
progressive increase in the amount of degradation seen with longer and longer
periods of incubation. It is also possible that degraded oll occurred pre-
dominantly at the oil-water interface and thereby escaped detection as it was
leached into the water column below the oil leyer. We therefore exsmined the
water passing under the oil layer for the presence of degraded oil.

C. Characterigg;cs of the Typieal 0il Degradation Process in Continuous
Culture - Chemlcal Changes in Bffliuert O1L

In an attempt to account for the lack of microbially mediated chemical
alteration of the oil in the oil layer despite the massive amounts of growth
obtained, we decided to examine the oil in the effluents (i.e., the water
passing under the oil layer and out of the culture vessel) from our continuous
culture systems.

It was also clear to us at this point thet if the flaking off phase oce-
curred under natural conditlons, and there is no resson to believe that it
would not, the majJor part of any spilled oil would be dispersed in the water
column rather repidly (i.e. disappear from sight) in a relatively undegraded
form (as we have cbserved from our results). The advantage of our continuous
culture system 1s that it mlmics this dispersion process but in a slow con-
trolled manner. Thus, it becomes feasible to chemlically asnalyze the oil as
it 1s dispersed (i.e. as 1t comes off in the effluents of the growth vessels).

1. Effluent 0il - 169-333 Hours Incubation

Effluents from the continuous culture systems were removed and extracted
&8 outlined in Materials and Methods.

- 35—
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The gas chromatographic profile of the oil removed at 169 hours in-
cubation, and the hydrocarbon peak ratlo data are shown in Figure 6 and
Table 4. There is a much more extensive degradation of the oil recovered
from the effluents than oil recovered from the oll layer. Most cobvious
is 8 general decrease in almost all of the n-alkane series especially those
below 17 carbon atoms. The n-20 alkane/envelope ratioc appears to show
the greateat change (30-40%) in comparison wilh the pristane and phytane
ratios. However, if one calculates the change in the n-17 alkasne/envelope
ratio (28%) and the n-18 alkane/envelope ratio (28%) they do not significantly
differ from the change in the n-20 alkane/envelope ratios. For example, at
300 hours, the n-17 and n-18 alkane ratios each changed approximately 28%
which compares closely with the 31% charnge observed for the n-20 alkane/
envelope ratio. Thug, In faet, all the saturates appear to be degraded at
the same rate or in the same manner.

The large difference geen between the chuanges in the pristane-phytane
ratios and the changes in the n-20 alkane/envelope ratlos, indicates that
both pristane and phytane are being degraded, Presumedly, if pristane and
Phytane are as recalcitrant as the envelope components, all of the above
ratio changes should he approximately the same, assuming there is no pre~
ferentlial degradation within the alkane series, This was not the case, and
in fact, pristane and phytane envelope ratios did change by approximately
20%, thus indicating that ihey were being degraded.

It 1s also clear, however, that envelope components are being altered
ag well. As can be seen in Figure 6 at 169 hours incubation, the envelope
profile (that is, an imaginary line drawn through the base of all peaks)
significantly differs from the envelope profile of the undegraded oil {super-
imposed dotted line). Typlcal of this change :s a lose of lower boiling
components {left side of profile) and an increase in the higher boiling
components (right side of profile). Note, too, that the point of maximum
concentration of envelope hydrocarbons has shifted to the right. It would
geem that this at least represents degradation of the lower molecular weight
sromatics and cyclic alkanes and perhaps even & synthesis of hipgher molecular
welght hydrocarbona. This latter prospect has already been documented in the
1iterature (50).

Further examinatlon of the profiles reveals an apparent enrichment for
several unknown peaks in the beginning and the end of the profile. This,
enrichment could result from compounds which are resistant to microbilal
degradation and therefore become a larger proportion of the profile as the
other hydrocarbons decrease. There have not been ildentified as yet although
retention data indicates that the first large pesk could be a polyaromatic
hydrocarbon such ag l-methylnapthalene. Naptialenes, on the other hand, are
not known to be particularly recalcitrant, 1.e. it is relatively easy to de-
tect organisms which can degrade them. It is possible, however, they could
be more resistant to attack as a result of th: degradation process occurring
In the continuous culture system. A diauxic relationship, for example,
with the slkanes may exist. It 1s also possible that napthalene utilizers
in the system were washed out. To date, we have no evidence to indicate that
they are contaminants from our gas chromatographic colum. Thelr validity
and identification will have to wait for furtier experimentation.
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Table 4 - Peak Height Ratios From Gas Chromatographic Profiles of
0il Extracted From the Effluents of the Continuous Cul-
ture Systems After Different Period of Incubatlion.

Incubation n-Cl7/pristane n-Cit/phytane
Time (hrs) ratios : retios
0 1.21 1.3L
169 1.12 (7.5%) 1.2% (6.2%)
333 1.04 (14.0%) 1.18 (11.8%)
., 500 0.76 (37.5%) 1.02 (23.8%)
673 0.72 (40.0%) 0.75% (44.0%)
840 0.58 (52.0%) 0.81
1010 >> 1% 0.76
1323 0.735 0.84

¥Peak helght too small to measure.

n-C20/envelop

ratios

2.90

2.55 (12.2%)

2.0 (31.0%)

1.55 (46.6%)

1.19 (59.0%)

1.41

1.24

1.14



2. Effluent 0il - 500-840 Hours Incubation

During this period of incubation the degradation of the effluent oil
continued to increase (figure 6). The alkane series was further reduced,
including pristane and phytane but to a lesser exteni, and the changes in
the envelope profile represented a further accentuation of earlier obser-
vations. The apparent smallness of the chromatographic profile was the
result of the sample volume injected into the ges chromatograph and not a
function of the degradation process.

The large enriched peaks that were seen in the 169 hour profile are
elso present in this profile but they are not as prominant (see arrows
in Figure 6). This could be the result of further degradation. However,
ag can be seen in the 1010 hour sample, these peaks again return to thelr
original prominance. It is difficult at this time to explain the concen-
tration varlation of these unknown peaks.

3. Effluent 0il - 1010-1323 Hours Incubation

At this point in our experiment the alkane series and the more re-
calcitrant branched alkanes were extensively degraded and the envelope
profile had been extensively modified. However, if the ratios are ex-
amined in Table 4 (these ratio are only estimates due to the smallness
of the remaining peaks) it is apparent that they have become variable
and do not necessarily go to zero. This is probably both a function of
gas chromatographic resolution and the possible input of small amounts
of undegraded or partlally degraded oil flaking off the oil layer. It
may also reflect a steady state rate of degradation.

4. Dlscussion

It is clear, from our experiments, that the oil in the oil layer was
degraded at a very slow rate. This is in contrast to many laboratory
studies using batch culture systems in which a more rapid degradation is
observed (29). These systems, however, involve a much more vigorous type
of agitation meking the hydrocarbons more excessible to the cells. Like-
wise, the population densities typical of bat:h culture may also unnaturally
increase the degradation rate.

It is quite significant for our results that Blumer et al (10) have
observed essentially the same degradation witn diesel oil in the marine
enviromment. For example, they showed that tae n-Cl7 to pristane ratio
decreased from 2.0 to 1.5 (25% change) within 2 months (1400 hours). Ratios
obtained in our systems are comparable to this data. Blumer obtained his
samples directly from the sediments and we wouild envision this as being
equivalent to taking samples directly from our ¢il layer. Thus our system
appears to provide a realistic laboratory mod=l for the study of the en-
vironmental persistance of different hydrocardson types in the oil.

Many, if not most, oil degradation studiss done in batch culture also

show primarily a removal of the predomlnant n-alkenes leaving the envelcpe
essentially intact. Only after considerable lengths of incubation do they
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ever show alteration of the envelope components and then only to a slight
degree. Qur work indicates a significant attack on both the n-alkanes and
the envelope hydrocarbons.

Effluent samples have shown that the oil was degraded to a much greater
extent than in the culture fluld (Figure 4). This is an important factor
which has not been considered in analysis of oil In the environment. If
only the residusl spilled oil is sampled for degradation it may appear, as
it did in our study, that the oil is not being significantly degraded. How-
ever, 1f the water colum around the residual spilled oil 1s sampled (equi-
valent to sampling the effluents in our continuous culture systems) extensive
degradation would probably be detected. It 1s necessary then, to sample the
water surrounding en oil slick as well as the oil itself in order to determine
the extent of degradation. Blumer's work (10) again emphasizes this point:
he detected degradation or alteration of the envelope components of diesel
oll only after extended exposure (3 months to a year) to the microbial acti-
vities in the sedlments. This was accompanied with a general spreading of
the o0il over a large surface area of the sediment interfase. This further
points out the apparent critical need for movement of the oil through the
water column or any other type of milieu in order to get extended degra-
dation (namely the cycloslkanes and aromatics) of the oll. Possibly if
Blumer had been able to sample water above the oil contaminated sediments
he would have detected a degradation pattern similar to what we have seen
in our effluents under the seme time period. This lack of movement of the
0il and its relationship to degradation is fu-ther exemplified in the work
of Jobson et al (29) who have shown a completely intact envelope profile
of crude oil immobolized in a soil plot for 308 days.

Another interesting aspect of these results is the fact that oil taken
from the effluent samples shows greater and greater degrees of degradation
ag the incubation pericd ilncreases. If our systems were operating as quasi
continuous culture system, one would not expect this result; instead it
would be expected that small quantities of oil would be slowly leached off
the oil layer and that, as they passed thru the culture fluid and eventually
washed out of the vessel, they would be exposed to the same amount of degra-
dation (steady state). This, as was seen, was not the case except perhaps
during the latter stages of the experiment where ratio changes began to level
off. There are two possible explanations for this lack of a constant degra-
dation pattern. First, it may be that the bacterial population composition
was continuously changing and that as the experiment progressed, it became
more and more efficient at degrading the oil coming out in the effluents.
Second, as the number of bacteria increased in the oil layer, more and more
alteration of the oll would have resulted. This would mean a more degraded
0i1l entering the culture fluid and would enhence its subsequent microbial
degradation in the culture fluid before it actually washed out in the efflu-
ent, The process is undoubtedly more complex than this but it will have to
walt further experimentatlon.

-— l{\-



D. Change: in Bacterial Populations During Oil Degradation

Because of the exlensive physicsl and chemical changes in the oll which
are brought about by the bacterial attack, 1t became of interest to us to see
1f we could determine the types of bacteria involved and the existent inter-
actions which allowed them to degrade the oil. To do this, samples of culture
fluia from the continuous culture systems were simply assayed for the total
numbers and types of bacteria present during -he degradation process.

1. Enrichment and Predominant Species

The total bacterial population, which was very heterogeneous at the
time of inoculation, changed rather rapidly to a population composed of
4 or 5 types which accounted for about 85-95% of the total. Throughout
most of the experiments only four or five types were present as predominant
species (see Table 5).

_ The predominant species found in the culture fluid were generally the
same as those found associated with the oil. Substrate specificity tests
also indicated that there was no significant difference in predominant
specles from the two sampling areas.

Population densities in the cglture fluid were surprisingly invarient,
mainteining densities for 10° - 10° celle/ml. Considering the tremendous
complexity and insolubility of the substrate employed, a mixed population
approaching steady state growth would not be expected.

The four or five predominant species present during most of the
degradation did not remain the same. There was a gradual change from
small, white smooth colonies, to slightly larger yellow pigmented colonies,
to eventually very large and slimy colonies. This changeover in colony
types lg very apparent when viewed all together and we are now attempting
to correlate these changes with changes in substrate specificity and changes
in the chemlcal composition of the oil.

2. Substrate Specificities of Bacterial Species from Continuous
Culture Systems

Theoretically, the cccurrence of a predominent specles, or the change
over 10 a different predominant species could indicate that conditions had
changed in the growth vessel allowing a successful competing species to
ocutgrow all other species and eventually predominant. The particular set
of conditions which set up this situation could result from a simple change
in the chemical composition of the oil brought on by the degradation pro-
cess. Thus one would expect that the substrate specificity of a particular
Predominant species would be complementary to the change which had occurred
in the oil.

Substrate specificities tests were therefore conducted by isolating

and purifylng certain predominant bacterial types (as determined by colony
morphology ) and then heavily inoculating them into minimal salts medium

'*1-“'



Table 5 - Predominant Types of Bacteria Present in Culture Fluid
During Degradatlon of 01l in Continuous Culture Systems

Numheras are Fxpressed as Percent of Tctal
Plate Counts.

X1 and

Incubation
Time
(hrs.)

240

480

720

960

1200

X2,

40%

20%

20%

4oz

20%

20%

Loz

20%

20%

4oz

20%

20%

15%

402

20%

20%

System X1

2--3 mm white,smoothy
raised

2-3 mm orange-yellow
smooth,flat

3-5 mm white,rough-
edged

6ébmm tan,concentric
pattern

3-4 mm dark orange,
smooth

4-5 mm white,slimy,
globular

4-5 mm white,slimy,
globular

émm dark tan,white
smooth halo

3 mm lemon yellow
smooth

1 mm white,opaque,
smooth

4-5 mm white,slimy,
finger~like edge

2-3 mm creamy light
yellow,smooth

6 mm dark tan,white
edged

b-5 mm white,slimy,
finger-like edge

2-3 mm creamy light
yellow,smooth

& mm dark tan,white
edged

60%

20%

20%

60%

10%

15%

75%

20%

4og

20%

20%

40%

20%

20%

System X2

4-5 mm yellow,spreading,
flat

2-3 mm light yellow,
depressed center

lmm white,raised

3-4 mm gray,raised
center

5-6 mm tan,spreading,
flat,dense center

4-5 mm lime-white,
raised,rough edged

4.5 mm lime-white,
raised,rough edged

2=-3 mm yellow,flat,
dense center

1 mm very white,flat,
translucent

45 mm lime-white
raised,rough edged

1 mm white,raised,
dry

4-5 mm lime-white,
ralsed, rough edged

1l mm very white,flat,
translucent

1 mm white,raiseqd,
dry



__Table 6. Substrate Specificities of Predominant Bacterial Species Isclated
During the Degradation of Dlesel 01l in Continuous Culture

Substrate
Isolate C-8 C-10 C~16 C=-20 Pris TMB nBB Dec Nap Anth Ac

Al 0 t + 0 + 0 0 0 0 0 +
_ A3 0 0 + + 0 0 0 0 0 0 +
A9-2 0 0 + 0 0 0 0 0 0 0 +
— AE-18 0 0 0 0 0 0 0 0 + + +
AG-19 0 + 0 0 0 0 + 0 0 0 +
B AM-30 0 0 + 0 0 0 0 0 0 0 +
_Rx711 0 0 0 0 0 0 Q 0 + 0 +
Xx726 0 0 0 0 0 a + 0 0 0 +
T 3x711 0 0 + + + 0 0 0 0 0 +
Dx625 0 0 + + + 0 0 0 + 0 +
Ex725 0 slight  + + 0 0 0 0 + 0 +
_Lx78 0 0 0 0 0 0 0 0 0 0 +
AX10 0 0 Q0 0 0 + 0 0 0 0 +
C~8 = octane TMB = trimethyl benzene
70*10 = decane nBB = n-~buty benzene
_C-16 = hexadecane Nap = naphthlene
C~-20 = elcosane Anth = anthracene
-Pris = pristane Ac = acetate



each containing 0.1% of one of a variety of representative hydrocarbons.
Positive growth was deduced from increases in furbidity. A typical sub-
strate gpecificity experiment for several predominant bacteria from the

same experiment is shown in Table 6, Unfortunately, these experiments are
very time consuming and not yet totally reliable., To date, we have not

been able to detect any sort of correlation between the metabolic capabili-
ties of our isolates and chemical or physical changes in the oil. However,
hydrocarbon utilizers were definitely present. They can be divided into
three types; those that use alkanes only, those that use only aromatic and
thoge which grow on both alkanes and various aromatic hydrocarbong. Octane,
hexadecane, and the fatty acids were the substrates most frequently attacked
by our isclates. Anthracene and 1, 2, 4-trimethyl benzene were only rarely
attacked, 1f at all. Also present, were many predominant species which did
not attack hydrocarbon but readily grew on the other non-hydrocarbon sub-~
gtrates. Thelr signlficance in the oll degradation process is not yet clear
but future experiments involving oil degradation by mixtures of pure culiure
help elucidate their role.

3. Discussion

This course of events, involving a series of enrichments is a well
known phenomenon of continuous culture studies (52, 28). Jannasch (28)
for example using simple sugars and orgenic azlds as substrates, has showm
an enrichment of one metabolic and morphological type from a heterogeneous
population. The explanation for this phenomenon is that organisms which
are growing slower, or not at all, are dilutei more rapidly than the popu-
lation of the faster growlng specles, yieldinz an enrichment of the latter.
Theoretically, as seen in Jannasch's work the most successful utilizer should
approach a pure culture state,

In the case of a complex substrate, such as diesel oil, however, one
might expect to see multiple enrichments, assuming that fresh heterogeneous
bacterial populations are supplied to the system continuously (as in the
natural aquatic environment). The factors which then determine these en-
richments are, the avallability of the differs=nt hydrocarbon components,
the presence of bacterial degradation products, and the restraints imposed
by the surrounding environmental conditions.

In our continuous culture systems, fresh bacterial populations are
not continuously supplied (i.e. the only source of bacteris 1s the original
inoculum) and yet multiple enrichments are still observed. Thus, 1t appeared,
that the bacteria which originally attached to the oil layer possesged the
metabolic potential as a population to eventuilly remove all of the oil from
the water's surface. It would be expected that if normal alkanes were pre-
ferentially attacked by the bacteria in the continuous culture systemsg, they
would eventually out compete the aromatic hydrocarbon utilizers and the latter
group would wash out of the continuous culture system. When the remaining oil
then became enriched with aromatic hydrocarbons (due to the initial preferential
degradation of the alkenes) the aromatic utilizers would be absent and degra-
dation would slow down and probably stop. In the majority of the experiments
run so far this has not been the typical sequence of events; instead all of
the oil 1s eventually removed or degraded. Therefore, either the oil is
removed by some physical process {involving only a small amount of degradation)
or the bacteria are degrading the oil indiscriminently and therefore preventing
the wash out of important metabolic types.
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[t is reasonable 10 also assume, that since a large mass of cells always
remuined unsociated with the oil layer, none of the bacterla in the original
tnoculum ever renlly washed out; Instead they remained attached t0 the oil as
minor members of the population and therefore undetectable by our plating
techniqueg. [f this was the case, however, one would expect the reappearance
of certain species of bacteria but this has not cccurred in any system so far
tested. Thus one is left with the conclusion that the removal of the oil from
the oil layer is not a continuous uniform stripping of identical samples, but
instead represents a continually changing, heterogeneous attack on the oil and
1ite component hydrocarbon. Both the population data and the gas chromatographic
data reflect this process. If this conclusion is correct, then an analysis of
the metabolic potential of each predominant species should reveal a pattern
Indicative of the particular fraction oil being attacked by that time. We have
been unable to date to generate such a correlation.

E. Microbial Seeding Experiments

Since large numbers of hydrocarbon degrading bacteria, with extensive
metabolic capabllities can be readily ilsolated frem different environments,
it has been suggested that their degradative potential could be exploited
for purposes of controlling oil spills. The primary prerequisites for such
a suggestion involve the ability to develop an oil degrading mixed population
of bacteria which can be readily accessible in a viable state at any time and
8 mechanism of application of the seed culture to assure proper degradation
and removel of the oil. Commercial "oll-eating" cultures are presently avail-
able but several lines of evidence (32, 7}, including our own, indicate that
the o0il degradatlon process may be too complicated to mimlc with seed cultures,
To further substantiate this claim, we tried several types of seeding pro-
cedures with our continuous culture systems.

1. Reconstitution Experiments With Pure Cultures

Bacterial cultures which represented the most predominant types present
during an entire degradation experiment were solated, cultured as pure
cultureg, and the mixed together. This mixture was used to inoculate a
new sterile continuous culture system to see :.f the same degradation pattern
could be observed. In all cases this mixture did not attack the oil and
washed out of the growth vessel. We have been unable to obtain any degra-
dation regardless of the combination of isolaes employed even though we
know these isolates will attack hydrocarbons and oll in batch culture. Thus,
it appeared that a gpecific bacterial type or types which we have not been
able to isolate, is required for some type of initial process which allows
these cellsg to begin attacking the oil in Its nondispersed state.

2. Reincculation Experiments With Effluent Cultures

Several hundred milliters of effluent from a continuous culture system
covering the first 3-4 days incubation after inoculation were collected and
refrigerated. This effluent culture was then used to reinoculate the same
continuous culture system on a continuous tri-weekly basis. In most cases
this type of procedure had no enhancing effec. on the degradation; it simply
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proceeded ag normal through the various phases described earlier., We sur-
mised that once the degradation process has been initiated, further enrich-
ment with the initleting culture does not speed up the process, except perhaps
under conditions where the cil is mechanically dispersed.

In several experiments, however, reinocul.ation with the effluent culture
brought on a rapid emulsification process causing the oil to be washed out
of the growth vessel within 4-8 days. Exemination of the oil in the effluent
showed only slight degradation of the alkanes. Thus despite the fact that
the oll can be made to rapidly disappear (ome objective in oil seeding pro-
cedureg) 1t is entering the water column in undegraded form. These latter
experiments have been difficult to repeat on & routine basis.

3. Inoculation With 0il-Degrading Bstch Cultures

Similar results have also been obtained by inoculating fresh sterile
continuous culture systems with batch culture enrichments. Enrichments
obtained by shaking oil with a fresh Lake Ontarlo water sample supplemented
with minimal salts for 10-days or until signiricant turbidiiy appeared,
were fully able to Initiete the normal degradation process in continuocus
culture. On rare cccasions the bateh culture enrlchment induced premature
emulsification resulting in rapid oil removal but very little degradation.

On the other hand, as soon as a batch cu.ture enrichment on oil is
serially transferred several times to sterile minimal salts media containing
fresh oil, the resulting enrichment becomes unable to initiale the degrada-
tion process 1n continuous culture and in fac- readily washes out of the
growth vessel. Although these experiments are only in their preliminary
stage, 1t tentatively appears that the procurement of seed cultures from
batch culture enrichments may not necessarily produce efficient oil degrading
populations.

4. Inoculation With Commercially Available Seed Cultures

Gerald C, Bower and Inc, produces an oil eating degrading mixed culture
of spore formers called DBC Flus, type R-5. Our experiments with these
cultures have shown that they do partially degrade oil in bateh culture
but they are totally ineffective in our continuous culture systems (i.e.
they rapidly wash out). These prepared cultures would appear to possess
good emulsification properties but poor degradation capabllities when tested
in batch culture experiments.

F. ZEffects of Supplements on the Degradetion of Diesel Qil

Cne lmportant aspect of oil degradation which has not been studied to
a great extent is the effect of the presence of readily degradable organic
material on the oil degradation process. In sewage polluted waters, one
would expect to find msny types of organic material which would influence
the population of bacteria present. The addition of straw or hay to an oil
sllck for c¢lean-up procedures also adds a large gquantlty of organic material.
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The presence of high concentrations of other organic material may inhibit
the degradation process. Catabolite repression, or the inhibition of the
utilization of one metabolizable compound in the presence of the other, is
a well known physiologically characteristic of micrcbial growth of pure cul-
Ltures but it may also affect mixed cultures in natural situations. If, for
example, a population is growing on a non-hydrocarbon substrate it may not
be able to metabolize the oll at all, whereas if the oll was the sole carbon
and energy source it would be readily utilized. In fact, the presence of
fatty aclids has been shown to cause inhibition of growth on a crude oil (5).

On the other hand, degradation may also be increased. For example,
the presence of certain organic compounds may increase the micrcbisl degra-
dation by co-oxidation (27, 46).

Additional carbon sources may alsc cause preferential utilization of
certain fractions of the oll. The addition of n-hexadecane for instance,
could inerease the utllization of the n-alkane series by causing an enrich-
ment of the population specializing in their degradation. The =ame may he
true for aromatic and cycloalkanes hydrocarbons.

Since we have now established a typical »attern of oil degradation by
bacteria in our continuous culture system it was possible to investigate
the effects of varicus organic supplements on the degradation scheme.

1. Glucose Supplementation

The addition of 0.1% glucose to the resevoir media had a profound effect
on the degradation process. The oill layer did not undergoe any of the physical
changes noted in the X experiments, nor did bacteria assoclate with the oil
lasyer and the oll layer remained unemulsified through out the entire experi-
ment. The media however became extremely turhbid with growth within 240 hours
and remained In thls state throughout the experiment.

When oll was removed from the oil layer at the termination of the experi-
ment (t=764 hrs.) and subjected to gas chromatography it was obvious that the
total profile remained almost identical to the stock oil (Fig. 7). Peak
height ratio data (Table 7) substantiates this lack of change. Both the
n-Cl7/Pristane end n-Cl8/Phytane ratios remain essentially ldentical to the
control oil. It 1s apparent then that the additlon of glucose to the salts
media significantly decreases the degradation process seen in the unsupple-
mented X experiments, No oil was detected in the effluents.

Likewlse, there are distinct differences in the develcpment of the
bacterial population in the presence of glucose. There was an enrichment
for only two types of bacteria as early as 120 hours incubation and the two
organiems eventually constituted 95% of the population. The only change
which occurred after the enrichment was a change in predominance between
the two organisms. Early in the experiment, specles 39, a white, raised
colony with rough edges constituted 75% of the total cell count while species
40, a white, raised, smooth colony wes epproximately 20%. This slowly
changed until specles 40 became 70% while species 38 dropped to 35% pre-
dominance.



SHYHH OF9 =1 SHH ¢+9L:=l _J%

;
z 5%
| _
. })\J7<#F/3<t 9\} _ﬂ
_ |

9us; Ul (9) =23vuoldodd $T*0 40 (Q) SSooNTH 70 BUTUTRIUO) suwajlsLg sanjiTn)
snonutjuo) Jo Ja8LBT ITQ 9U3 WoJdy UaMB] ITO [2s91d Jo soTTJodd ofyudeadolrwodysn sen - /. 2an3Tg




($T) S£°'T (%8°0) 02°1 049 a3euoTdoag

(31) GE°T (30) T2°T | h9l 250oNTYH
LETT T2°T 0 TTO
N00%g
CT3ed OT3®Yy (say) BSUTL usgekg
auej3Ayg/gIo-u aueqsTad/LIo-uU uorT3eqnour
* ITOAISSAY

su> U =2aeuctdodd T7°'0 J0 ssodnIn $T°0 JUTUTEIUOD SwWa3lSAS 2JINn3TND sSNONUTIUC) JO
S8L®T TTI WoLd us¥el II0 JO S9TiJodd °Tydealdogmwoday) SBH Wodd So0TdBY 3YITeH ME3d - L OTQBL

- e

-
A



As In the unsupplemented systems, %he inoeulum contained about 104 cells
per millililer but this increased to 107 cells per milliliter and remained
at this level during the course of the experiment, This was an order of
magnitude higher than the population density seen in the unsupplemented
system. The cell count probably represents only a conservative estimate
of the population presen%, since there was large amounts of wall growth
in the culture vessel,

This enrichment process again agrees well with previous work on con-
tinuous culture enrichment (28). It is evident that this enrichment for
the two glucose utilizing organisms (which could not grow on oil or hydro-
carbons in bateh culture) was responsible for the inhibition of the typical
degrading process. Presumedly, other organisms capable of attacking the oil
couid not establish themselves in the culture vessel and were washed out.

2. Proplonate Supplementation

When sodlum proplonate was added to the ~esevoir at a final concentration
of 0.1% again no degradation occurred (table L, figure 7). Visual examination
of the oll showed a complete lack of bacteria associating with and emulsifying
the oll. As with the glucose system there was no chemical change in the oil
and the n-Cl7/Pristane and nCl8/Phytane ratios remained essentially constant,

The initial hetero eneous population of ‘the inoculum increased only
slightly from 104 to 107 cells per milliliter and an enrichment for two
species occurred as early as 480 hours incubation (24 retention volumes).
Over 95% of the pcpulation consisted of a large yellow-tan raised colony
and a smaller white raised colony throughout almost the entire experiment.
Each specles constituted approximately 50% of the total plate counts.

3. Hexadecane Supplementation

The addition of 1 milliliter hexadecane to the oil layer (7 ml) had little,
if any, effect typical oil degradation process seen 1n continuous culture. The
media became cloudy within the first 100 hours after which bacterial growth
formed under the oll and emulsification was initiated. The oil layer became
totally emulsified by 600 hours incubation ani began tc clump and flake off.

At the termination of the experiments (between 765 to 987 hours) a greater
volume of oil remained in the oil layer than was seen in the unsupplemented
systems at the same time interval.

Gas chromatographic profiles of oil from the oil layer (Figure 8) and
the resulting peak ratio {Table 8) indicate a degradation pattern similar,
although slightly more extensive, than that o>tained during a normal unsup-
plemented oil degradation process at the same incubation time. Systems HI
and H2 are identical experiments but starting with different inocula. No
significant change in the n-C17/Pristane and a-18/Phytane ratios was noted
for elther systems Hl or H2. Peak envelope data does show some degradation
of both n-Cl3 and n-C20. ~The decrease of these alkanes, at this time in
the experiment was not seen in the unsupplemented X systems at a similar,
thus showing that degradation was increased to> a small extent in the supple-
mented system.
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The hexadecnne/Prislane ratio was different for each experiment. In
cxperiment HL the ratlo dropped 19% by the end of the experiment thus in-
dicating a sipniticunt degradation of hexadevane. In experiment H2, there
wus 1o slglificant degradation (less than 1% change). This was probably Lhe
result ol differences in the inocula.

A compariscn of the effluent oil profiles from Hl and H2 with those of
XL and X2 effluents (figures 6 and 9) show that the addition of hexadecane
to the oil layer inhibited degradation of then-saiurate series. The pro-
files again are skewed, thus indicating poss:ble preferential utilization
of the lower boiling fraction. The n-Cl3/Envelope and n-20/Envelope ratios
{table 9) substantiate a decreased amount of degradation in the alkane series.

Although the total cell numbers increased to the same level seen in the
unsupplemented amended systems, an enrichment, for certain morphological types
was not apparent at anytime. The population remained very heterogeneous during
the entire experiments with very little indication of a predominant species.

Generally speaking then the addition of hexadecane does not appear
Lo gignificantly affect the degradation of the oil in the oil layer when
compared to the unsupplemented experiments. It dces however decrease the
degradation of the oil residue recovered from the effluent sample, This
is possibly due to a preference of the bacterial population for the more
palatable substrate and hexadecane is generally considered easier to de-
grade than oil 1itself. ‘ '

4. Detergents

As a preliminary start to determine the effects of detergents on the
degradation process in contlnuous culture, a nonionic polyoxyethylene mix-
ture (Tween 80) was selected because of its water solubility and nontoxic
nature. It is a well known industrial emulsifier and dispersing agent.

It was added to the reservoir at an 0.1% concentration. For all practlcal
purposes 1t had the same effect as adding glucose or propionic acid, It
served as an excellent carbon source for bacterial growth and completely
inhibited the oil degradation process. As seen with the other supplemented
experiments, a single predominant species was enriched presumedly forecing
all the oil degrading bacteria to be washed cut. The detergent alsc caused

a slight emulsification of the oll but no degradation as measured by chemical
analysis.

5. Discussion

The addition of small amounts of readily degradable organic material
appear to readily upset the degradation process we have observed in con-
tinuous cylture. The problem with the continuous systems, however, is that
once an organism is out competed for its growth substrate, it is washed out
of the system. In nature the same competition would result but the washout
process would not be as extreme s form of elimination. Also in nature, the
Place of degradation would be constantly reinmoculated with fresh bacteria
whereas this is not the case in continuous culture. To compensate for this
discrepency we attempted to periodically relnoculate our continuous culture
systems with fresh lake Ontario water. This however did change the results
sited above.
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We feel, from the results of these supplementation experiments, that
the oil degradation process is very sensitive one whose efficiency is di-
rectly related to the environmental conditions present. It can be sugges-
ted at this point, until further information s available, that oil degra-
dation in a polluted environment may be considerably slower than in an wm-
polluted situation. With further experiments we may be able to quantitate
this relationship.



VII. Development of Bloassay System to Test Toxielty of 0il Degradation Products

A. Introduction

The active part that bacteria play in oil pollution is well recognized
and is being intensively investigated thru a multitude of approaches (13).
However, one area of the mlcrobial degradaticn of crude oil that has not
been examined in any detail is the fate of the degradation products of the
oll and their ultimate ecological impact. Numerous reports in fact have
elluded to the possibility that microbial degradation products of crude oil
and petroleum hydrocarbons represent toxlic elements which in faect could be
more toxic than the oil itself (12). Of primary concern in this situation
18 not so much the readily cobvious toxic effects but instead the more subtle,
Incidious long term toxic effects.

Parts of our program to study the microbial degradation of hydrocarbons
1s to begin to contribute some information tc this central problem, i.e.
are the degradation products of oil toxic to the environment and if they
are, what controls their production and what is their eventual fate in the
environment. To approach this problem it was first necessary to develop
a suiteble bloassay system. Two primary factors were considered in the
development of the bloassay systems.:

a). The type of biocassay systems employed are very critical to a
toxicological evaluation since it is important that even the most subtle
aspects of toxicity be recognized. Many workers have maintained that if
outright killlng does not occur then no ecological damage has been incurred
by the oil pollution. Several studies have now shown that killing is not
necessarily a major criteria of toxleity but in fact more subtle types of
polsoning have occurred. Blumer (11), for example, has shown that oysters
and other shell fish concentrate petroleum hydrocarbons internally without
"apparent" injJury to the organism. The consumption of these polluted shell-
fish by man does, however, represent a danger, ecpecially since carcinogenic
compounds may be present, This form of potentlal toxicity would not have
been recognized by normal biosssay procedures but instead required s sophisti-
cated chemical detection of the oil.

In a gimilar manner, Kittredge (51) has shown that extremely smail
concentrations of water scluble components of crude oil interfere with
chemical communication in fiddler crabs. This sublethal physiologicel ef-
feet of crude oll has divulged a whole area of toxicology which has not
been considered in the past and must now be acknowledged as the primary
emphasis in the development of bloassay systems. If they are going to be
used to fully assess the toxicological aspects of o0il pollution.

b). Toxicological studies invariably concentrate on using a single
bioassay system; that is,one particular group of plants or animals. The
information gained is generally important but does not have application
for the total ecosystem. However, in recent years, especially as a result



of Lhermnl pollution, large Lotal econystem gludles Insitu have been pursued
with the lden of determining the cnvironmental impact of a pollutant on all
agpects of the community (7). These studies nre supplying valuable toxico-
loglcal information but they are restrictive In terms of the large outlays
of time and money.

As a compromise between the single organism approach and the insitu
approach, the study of several important members of an ecological community
simultaneously in the laboratory can often generate highly meaningful toxico-
logical information which can be used to access the ecological impact of a
pollutant quite accurately. This multiple organism approach has several
advantages; 1) it prevents an unbiased evaluation of a toxic pollutant,
since several organisms are being observed and tested simultaneously, 2)
it allows examlnation of toxic effects at all stages of a life cycle, 3)
it permits a more detailed investigation into the nonlethal aspects of
toxieity as they effect one group of animals and not another, and 4) by
knowing the detailed developmental cycle of each organism and the environ-
mental factors which effect their ecology, the more subtle aspects of
toxicity can be observed on a community wide hbasis. Consequently, in our
work several bioassay systems have been chosen. These include:

a) The feeding behavior of zooplankton; the test organism selected
is Dagggnia magmum and the bicassay will focus on the animal's ability
to 1ind food and the rate at which food is assimilated using radicactive
algal food sources.

b) The embryological development of fish; the test organism selected
is the Japanese Medaka, Oryzias latipes, and :he bioassay will focus on TL
53, and abnormalities of organ development at various stages during embryo-
logical growth.

¢) Cytotoxic effects on animal cells; the test organism selected is
& tissue culture line of rat skin cells and the biocassay will focus on the
production of gross celiular and mitotic anomalies such as amitosis, micro-
nucleation, and multliple cytokinesis.

d) The growth and photosynthesis of algne; the test organism selected
is Chlamydomonas reinhardtii and the bloassay will focus on the effects on
growth both autotrophically and heterotrophically and on the rates of photo-
synthegis. '

All of the above bioassay systems are presently under development and
appear to be potentially useful toxllogical tools. In each assay we are
concentrating on three sources of toxic materials:

a. water extracts of chemically pure hydrocarbons (namely toluene)

b. water extracts of diesel cil

¢. effluents from continuous culture systems involving microbial degra-
dation of o0il source of degradation products.



To date, the most highly developed biocassay system is with the Japanese
Medaka and we will report only on this system. This work has been in col-
laboration with Dr. Terry Haines and his graduate student, Frederick Stoss.

B. Methods
1. Care and Handling of Adult Fish

Fish in a sexually mature condition, were obtained from Carolina Biolo-
gical Supply Company and kept in a 20 gallon aquaria at room temperature.
From this initial population & large stock culture was raised from which the
egge for testing were obtained, Adulis were raiged in ratio of 6 females to
40 males for every 20 gallons of water. Cul-ure water was constantly checked
for pH (7.2 to 8.2), alkalinity (962 10mg/l). oxygen (8.5+ lmg/1) and tempera-
ture (24°C* 1°C). Snails and green plants were also included in the aquaria.
Adults were fed live brine shrimp to insure maximum breeding potentlal. A&n
artificial light environment was maintained with an equivalent 16 hour day
and 8 hour night. Aquarium water was periodically treated with methylene
blue to prevent fungal diseases.

2. Care and Handling of Eggs

Oocytes in the female, which had developed overnight, ovulate with the
onset of light and are fertilized by the male shortly thereafter. Ovi-
posltion occurs 1 to 2 hours after the start of the light period and the
spawned egg cluster can be collected either directly from the female or
from the vegetation where they are frequently deposited by the female. FEggs
were washed with distilled Hy0, separated with a forceps, and then incubated
in sterilized embryo rearing medium of Kircher and West (33).

3. Embryonic Development

The Medaka follows typical teleostean patterns of develcpment., The
atages of development are shown in Table 10,

4, Preparation of Toxic Solutions

Water extracts of toluene were prepared by layering 1 ml of toluene
on the surface of 250 mls of sterile rearing medium and gently stirring
the rearing medium with a magnetic stirrer (100 rpm) for 24 hours at 23°C.
These condlitions gave maximal extrsction without emulsification. The water
goluble fraction was termed the 100% toluene-water extract.

The concentration of toluene dissolved in the water was determined by
ultraviolet light absorbtion at 260 nm., Values were determined relative
to a standard curve using carbon tetrachloride as the solvent. The method
was sensitive to a range of toluene concentration from 866.9 mg/1 to
21.75 mg/1. 100% toluene-water extracts contained 164 mg/l of toluene.

~bo -



Table 10 - Embryonic Stages in the Development of the Japanese

Stage Number
Stage 1
Stage 2
Stage 3
Stage 4
Stage 5
Stage 6
Stage T
Stage 8
Stage 9
Stage 10
Stage 11
Stage 12
Stage 13
Stage 14
Stage 15
Stage 16
Stage 17
Stage 18
Stage 19
Stage 20
Stage 21
Stage 22
Stage 23
Stage 24
Stage 25
Stage 26
Stage 27
Stage 28
Stage 29
Stage 30
Stage 31
Stage 32
Stage 33
Stage 34
Stage 35
Stage 36

Medaka.

Approximate Age
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8.
102.
121.

128.
144,
168,
200.
264,

hrs.
hrs.
hrs.
hrs.
hrs.
hrs.
hrs.,
hrs,
hrs.,
hrs.
hrs.
hrs,
hrs.
hrs.
hrs,
hrs,

. hrs.

hrs.
hrs.

‘hrs.

hrs.
hrs.
hrs.

. hrs.
. hrs.
. hrs,

hrs.
hrs.
hrs.
hrs.
hrs,

hrs.
hrs.
hrs.
hre,
hrs.

Description

oviposition, unfertilized egg

fertilized egg

germinal disc

2-cells

Yocells

8-cells

16-cells

32-cells

6l-cells

early high blastula

late high blastula

flat blastula

dorsal 1lip gastrula

embryonic shiéld

mid gastrula

late gastrula

early neurula

late neurula

"Blastopore"

anterior somites

pericardial cavity, optic cup

optic lens & otocyst

heartbeat

circulation

body movement & otoliths

retinal pligmentation

pectoral fin bud

pink blood

vitelllne velns sinuous

urinary bladder

pectoral fin movement & caudal
fin

liver rudiment

swim bladder

jaw movement & yellow colorati

spleen and mouth

hatching



Water extracts of diesel oil were prepared in a similar manner but al-
lowed to extract for a total of 72 hours. Embryo rearing medium was used
a8 the exiracting solution. A gas chromatog:raphic profile of a pentane ex-
tract of water extract is shown in Figure 10.

Baclerial degradutlon products were collected directly from the con-
tinuous culture systems in which diesel oil was being degraded. Effluents
were collected, centrifuged, filter sterilized and frozen to screw cap plas-
tic bottles until needed. No attempt has been made to characterize or quanti-
tate the degradation products in the effluent.

5. Procedure for Bloassays

Bioassays were conducted using 100%, 75%, 50%, 25% and 0% of the toxie
solution diluted in sterile rearing medium. These bloassays were modifica-
tions of stendard procedures outlined by Hart et al {26), Doudoroff et al
(16) end A.P.H.A. (3).

Fertilized eggs were taken from the female's abdomen within two hours
after fertilizatlon and reared until the desired stage of development. Stages
were selected that represented: a) early c¢leavage before the chorion had be-
come water hardened b) mid cleavage c) late cleavage d) l-day old blastula
e) two day old embryo f) three day old embryo g) 7-9 day old embryo h)
prehatching embryo of 9-10 days 1) newly hatched fry of 10-11 days in age
and }) fry one week old.

Groups of 10 embryos at the same stage were transferred ito sterilized
cylindrical serew-top glass vials contalning 21 ml of test solution., These
vials minimized any volitalization of the toxlec materlials. Under these
conditions control embryos survived for at least six weeks.

For each vial, mortalities, deformities and organ development were
monitored. Mortalities were recorded at 24, 48, and 96 hours after ex-
posure to the toxic materials. For young undifferentiated eggs, death was
accompanied by the uptake of methylene blue and the swelling of the eggs.

For young fry and older eggs, death was defined as a discontinuation of
heart beat. For mature fry, death was definz2d as the abolishment of respira-
tory and body movements and the lack of response to mechanical stimuli.

Medium tolerance limits (TL 50) were determined for each stage of develop-
ment using the concentration of toluene allowing 50% survival for that test
pericd.

C. Results and Discussion

1. Mortality Effects of Toluene

The toxicity of water extracts of toluene was determined for varicus
stages of embryonic development and the results are shown in Table 11 and
Figure 11. The TL 50 values represent the madian survival rate of the
embryos measured in mg/l of toluene.
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Figure 11 - The Effects (as TLBO) of Water Extracts of Toluene
on Medaka Embryos.
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The results indicate that the maximum TL 50 values were between the
second and s8ixth day of development and the minimum TL 50 values occurred
during the early cleavage stages (i.e., befors 4 hours of development ).

The pattern of resistance to toluene is shown in Figure 11. As can be seen
the embryos are the most sensitive at the early stages of development (1-14)
but become increasingly more resistant as development proceeds up to the
sixth day (stage 33). Beyond six days, the resistance again drops reaching
a low point upon hatching (stage 36). The newly hatched fry were also quite
sensitive to the toluene., Thus, it is concluded that early cleavage stages
and hatching stages of development were the most sensitive,

Mortalities were also a function of the sxposure time to the toxic
solution (Teble 11 and Figure 11}; generally the longer the exposure to
the toxic meterial, the greater the possibility of lethal effects.

2. Developmental Defects Induced by Toluene

Table 12 summarizes the teratogenic effeats to the Medaka. The results
indicate that the production of deformities depends upon the concentration of
toxic solution, the duration of exposure and the stage of embryonic develop-
ment. Normal development occurred at all concentrations of toluene below
16.42 mg/l., Increasingly more abnormal development appeared as the concen-
tration of toluene increased. Generally, the earlier stages were the most
susceptible and increasing the exposure time increased the number of deformities.

The types of deformities observed varied greatly but were readily re-
producible and predictable under similar conditions. The severity of the
deformity was a direct function of the toluens conecentration.

The developing heart and vitelline circulatory system were the most
sensitive organ systems. The heart usually naver developed beyond a
degenerate pulsating vessel lacking all traces of typical flexures and
chambers. The ¢lrculation system was atunted and resulted in pink blood
1slands which formed near the olil droplet in the egg. Disturbances to the
vascular system accounted for early death of the embryo,

Deformities of the tail region were also commonly observed. Tails
were shortened or flexed to the left or right and sometimes netochord
displacements were also observed. Embryos with flexed tails that sur-
vived hatching, were incapable of normal swimaming movements and generally
died several days after hatching.

3. Effects of Water Soluble Extracts of Diesel 01l

Using the itoluene data as a background, water extracts of diesel oil
were tested for thelr toxieity in the same maomer used to test toluene.
Table 13 shows the media tolerance limits of such an extract as a function
of the stage of development. As can be seen, the results mimic the toluene
experiments; early and late stages of developrent were the most sensitive
while middle stages were relatively resistant. Similar teratogenic effects
were also noted. Preliminary gas chromatographic analysis showed aromatic

-‘B.



Table 11 - TLB0 (mg/1) for the Medaka Riggs Treated With the
Water Extracts of Toluene for Varying Periods of

Time.
Type of (hatching) \héggﬁgng)

Stage Development 24 hr 48 hr 96 hr 1l day 18 day
5 early cleavage 4y 39 33 23 16
8 late cleavage 82 82 79 LT —
8 " " 61 48 43 33 16
9 " " 62 62 62 b1 -
10 blastula 110 100 100 65 -
11 " " 123 41 41 16 -
11 " " 69 64 57 48 25
12 " n 110 103 94 71 -
19 " " 97 67 62 33 —
25 2 day old 102 90 80 T4 -
27 3 day old 113 100 80 TY L6
28 4 day old 108 L6 39 25 -
28 " " 85 12 59 41 21
30 6 day old 102 43 41 33 -
30 " " 135 82 32 18 -
35 9-10 day old 61 39 35 26 20
36 11 day old (fry) 36 36 21 -— 13
36 " " 48 21 13 - 10

36 " " 26 26 26 - 21



Table 12 - Teratogenlc Effects of Different Concentrations of Toluene

to Medaka Embryos After 48 Hours of Exposure to the Toxic
Sclutlon.

Stage Exposed Concentration {(mg/l)
164,25 123.14 82,13 41,06 16.43

Farly cleavage + ; + o+ -
Mid eleavage + + + + -
Late cleavage + + + + -
Blastula + + + + -
2 day old + + + - -
3 day old + + + - -
I day old + + - - -
6 day old - - - - -

9-10 day old - - - - -

11 day old - - - - -

+; indicates abnormalities detected

-; indicates abnormalities not detected



Table L3 - Kfleels of Water Soluble Extracts of Undegraded Diesel 011
on Lmbryological Development of Oryzias latipes, Japanese

Medaka.

Stages at Which

the Embryo was
Intreduced iInto

the Extract 3olutions

11

12
13

20

21
30

35

36

Median Tolerance
Limit {mweasured \
as percent of extract

General Remarks

30%

36%
29%

75%

63%
38%

18%

15%

Blastomeres fail to
differentiate, severe
growth retardation.

Circulation disruption

Growth retardation;
Clirculation disruption.

Retarded growth; eye
pigment distribution
not normal; circulation
disruption.

Irregular heart rate;
died during hatching or
shortly after.

Irregular heart rate;
died during hatching;
slugglshness and dis-
oriented swimming 1if
survived hatching.

Slugglishness; disorient
swimming movements.



hydrocarboni present in the extiruet at concentrations comparable with those
In the toluene exiractlon. Extractions from topped oil had slightly less
toxicity than raw diesel oil,

4. Effects of Bacterlal Degradation Products of 0il

Effluents from the continuous culture systems described above, in which
diesel o0il was attacked by bacterial populations from Lake Ontario, were
collected periodically and filter sterilized. These sterile effluents were
then diluted in Medaka embryo rearing medium and tested for toxicity as
described for toluene. The results of this work are shown in Table 14.

Even though this is only a prellminary study, it would appear that several
tentative conclusions can be drawn.

a) The earlier stages of development (stages 10-20) are the most
sensitive to bacterial degradation products.

b) In stages 10-11, it appeared that after 10 days of degradation, the
0il was less toxic than water extracts of undegraded oil. However, after
23 days of incubation with the bacterial population, the degradation pro-
ducts of the oil appeared to become more toxic, perhaps even surpassing
the toxleity of water extracts of undegraded oil.

c) In stages 16-20, the degradation products were always more toxic
than the water extracts of undegraded oil and, if anything, appeared to
inerease in toxicity as degradation progressed. Toluene at these stages
was much less toxie.

d) In stages 29-35, degradation producis were generally less toxic
and appeared to be increasingly less toxic with increased degradation time.

Experiments with newly hatched fry have shown that the bacterial de-
gradation products were particularly toxic atl, this stage. Generally, about
3-4 days after hatching, at a time when the fat droplet or oil globule was
absorbed, 90-100% of the fry were killed outright. This lethal effect was
not observed with toluene or water extracts of undegraded oil,

5. Dlscussion

The Japanese Medaka Oryzias latipes, appears to be an excellent bio-
logicel assay for toxleity studies. The fish produce large quantities of
eggs consistently, the embryclogicaml events are well worked out and readily
obgervable and their sensitivity to hydrocarbons is high and experimentally
reproducible. The biocassay system 1s also very manageable and does not
require specially trained technicians or expensive equipment. Although all
the studies reported here were performed under closed conditions, the blo-
assay system mppears readlly amenable to flow-thru studies.
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ab le b = Effects of Effluents From Continuous Culture Systems
Involving the Bacterlial Degradatlon of Dlesel 011
on the Embryological Development of the Japahese

Stages at
which the
embryo was
introduced

Medaka.

Length of
bacterial

Into effluent degradation

solution

{hr)¥#

Medlan

tolerance

limit

measured

as the per

cent of effluent

General Remarks

11

29

34

11

12

18

28

23

30

67

67

67

256

256

256

256

256

256

256

60%

35%

307

40%

58.3%

4o.1%

25%

50%

25%

25%

General disruption
of circulation; slight
eye malformation.

Sluggishness and slowed
irregular heart beat;
died during hatching.

Extreme sluggishness;
irregular heart beat;
disoriented movement
after hatchlng.

Growth retardation; dis-
ruption of circulation
patterns.

Disruption of circulatio.

Disruption of c¢circulatio
8light tail bending.

Slight tail bending;
growth retardation;
slowed irregular heart
rates.

Irregular heart rates;
died during hatching.

Sluggishness; died durin,
hatching.

Sluggishness; died durin
hatching. '



Stage
35
36

10
16

32
29
30

35

36

10

18

Degradation

(hr)* TLm
256 30%
256 30%
269 304
269 L0%
269 20%
500 81%
500 50%
500 50%
500 35%
570 38%
570 25%
570 20%

General remarks

Sluggishness; dled during
hatching.

Sluggishness; dlsoriented
swimming movements.

Disruption of circulation.

Disruption of c¢irculation;
slow irregular heart rates.

Sluggishness; died during
hatching.

Sluggishness; irregular
heart rate.

Sluggishness; dled during
or shortly after hatching.

Sluggishness; irregular
heart rate; dled during or
after hatching.

Slugglshness; disorlented
swimming movements.

Retardation of growth; dis-~
ruption of circulation;

eye pigment distribution
not normal.

Slowed irregular heart rates;
clrculation pattern disrupted

Clrculation patterns dis-
rupted.

#Measured from time of inoculation of continuous culture system.



Wnter soluble components of 0il and toluene were found to be toxic as
expected, However, it is clear that with the detaliled study of embryo-
logical development, all stages are not equally susceptible to the toxic
material. In the case of toluene and the water extracts of undegraded oil,
the embryos become more resistant as the chorion of the eggs became water
hardened (late early and middle stages). Thus it appears very useful to
investigate the toxicity of a material at eack particular stage of embryonic
development rather than study one aspect of the animal's life cycle.

The toxicity of the baecterial degradatior. products also proved inter-
esting and again showed the advantage specific of stage-oriented studies.
At stages where toluene and water extracts of undegraded oil were generally
the least toxie, the bacterial degradation prcducts of the oil were most
toxie, i.e., the stages where the chorion harcens and where the newly hatched
fry engulf the oil droplet. The extent of bacteria degradation of the oil
was also important, causing less toxlcity in come cases and more in others.
It therefore, appears possible that changes ir. toxicity during the degradation
may signal a definite change in the compositicn of the oll or the onset of
the production of a different product from the degradation process. This could
be due to the sudden availability of some component in the oil or a sudden
change ln the bacterlal population. Experimerts are presently underway to
study these possibilities.
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VIII. Conelusione and Recommendations

It can be concluded from this work that the use of continuous culture
systems to study oil degradation is a producuive approach which has and will
generate information which can be used in evaluating and acting upon natural
oll pollution situations. Because our resulis are very similar to actual
observations in the field, it appears ressonable to make recommendations based
on these results. Our conclusions and recommendations are as follows.

A. The natural oil degradation process is the same regardless of whether
it takes place in soil, in sediment or in aquatic bodies of water. The re-
sults presented in this report have shown that the water insolubility of oil
dictates that 1t invariably break up into small droplets, regardless of its
location, and that the primary bacterial attack is on theae droplets. The
attack occurs on the outgide of these droplets and moves inward and the
length of the overall degradation process will depend on the volume of the
drop.

The primary attack on these oll droplete is the most eritical aspect of
the entire degradation scheme. Its initiation occcurs only if the oil drop-
lets are allowed to come in contaet with a specific group of hydrocarhon
degrading bacteria which specialize in attacting to the oil and eventually
impregnaeting it.

We recommend, consequently, that any clean up procedure for oil pollution
be based on optimlzing this initial attachmert and impregnation process. This
can be attained most satisfactorily by simply mechanical dispersion of the oil
to enhance the formation oll droplets and their contact with bacterial popu~
lations. When an oll spill on a freshwater lake is involved, the oil should
be contained (using physical barrlers where recessary) to allow either natural
dispersion to teke place (wave action, wind, bacterial emulsification, etc.)
or the implementation of mechanical dispersicn procedures { spreaders, mixers,
agitators, ete.).

B. We do not recommend the use of chemical dispersants, such as detergents,
since they intefere with the primary bacterial attack on the oil droplets. At
the very least, these chemicals geem to potertially serve as an alternate source
of carbon and energy for microbial growth. This growth will consume the avail-
able sources of nitrogen and phosphorous and thereby greatly slow down the
01l degradation process.

C. Since all of our degradation studies have required the addition of
substantial amounts of inorganic nitrogen and phosphorous, sbove that found
in Lake Ontario water itself, we recommend that inorganic fertilizers be
applied to areas of oil pollution to enhance the natural degradation process.
Pllot studies should be initiated to determine the amount to be applied for
each type of environmental situation involved.
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D, The removal of oll from the surface cf a body of water does not
congtilute tolal degradation of the oil. It reflects instead, an important
inttlal attempl by bacteria Lo emulsify the oil and chemically modify it
to o nmall degree., These two steps are resporsible for setting up con-
ditions which greatly enhance the degradution process at succeeding stages;
without them further degradation is slower anc incomplete.

We recommend, therefore, that anyone invcolved in oil peollution problems
be educated to the fact that any man-made attempt to speed up the disappearance
of the oil {chemical dispersants, sinking procedures, etc.) may in fact, cir-
cumvent these initial actions by bacteria and result in a partially degraded
product of oil which is more recalcitrant or persistent than the oil itself,

In other words, from the results in this study, it is clear that the initial
set of events in microbial oil degradation greatly determines its fate in an
aquatic environment.

E. We also conclude from our results, that oil in organically pol-
luted aquatic environments may, in fact, undergo a much slower rate of
degradation. This is due to the availability of orgenic materials which
are preferred by bacteria over oil and petroleum hydrocarbons as a source
of carbon and energy. The only recommendation we can offer at this time
iz to supplement the polluted areas with sources of nitrogen and phosphorous
to assure that there is enough inorganic nutrient remaining for use by the
0il degradling bacteria.

F. The application of oll degrading bacterial seed cultures to oil
spills ag a means of increasing oil removal and degradation is a worthless
concept except in very specialized situations. These seed cultures are
undoubtedly outcompeted by natural bacterial populations; they, at the most,
only emulsify the oil without any degradation, and they quite possibly may
interfere with the natural degradatlon processes thereby increasing the resi-
dence time of the oil in the aquatlic enviromnment. It is also quite clear
that oil degradation is a very complex process which cannot be readily inl-
tiated by slmple mixtures of hydrocarbon degrading cultures.

G. Finally, there are still many unknown factors in oil degradation
which have not been detailed but which are desperatly needed if sound judge-
ments are going to be made about oll pollution polieies. Continuous culture
appears to offer an approach for obtaining this information without massive,
expensive, and dangerous field experiments. It would appear at this time
that one of the most important areas is to determine the actual fate of
the o1l once it goes through this primary attack by bacteria described here-
in. We are presently testing sequential continucus culture systems to ob-
tain this information.
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